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Viruses are crucial challenge microorganisms to low pressure MF/UF and UV 
disinfection. This is due to the small sizes of viruses which are smaller 
than/comparable to MF/UF membrane pores, and to the higher resistances of viruses 
(particularly Adenoviruses) to UV disinfection. This thesis therefore studies the 
removal of viruses via a hybrid coagulation-MF/UF filtration followed by UV 
disinfection. 
 
LP and MP UV disinfection was conducted on AD serotypes 5, 40 and 41 using three 
different host cells (HEK293, PLC/PRF/5, XP17BE). AD enumerated with HEK293 
was more resistant to LP UV irradiation due to NER during cell-culture based 
enumeration after UV irradiation. Contrastingly, AD enumerated using XP17BE which 
were deficient in repair mechanism, was highly susceptible to UV irradiation. For 4log 
inactivation, LP UV dose requirements of AD(XP17BE) was 52 – 57 mJ/cm2 whereas 
that for AD(HEK293) and PLC/PRF/5 were in the range of 123 – 182 mJ/cm2. With 
MP UV disinfection, UV dose required for 4log inactivation of AD(XP17BE) was 36 – 
42 mJ/cm2 whereas that by HEK293 and PLC/PRF/5 were in the range of 65 – 90 
mJ/cm2. Results of the repair rendered by three cell lines were confirmed by a rapid 
approach of RT-PCR following 0 – 48 hr p.i. AD’s extreme resistance to UV was not 
exactly inherent but rather, contributed by the host cell’s NER mechanism.  
 
Virus removal by upstream hybrid coagulation-MF/UF filtration was evaluated using 
MS2 as challenge microorganism. Virus removal was due to rejection via membranes 
and a series of virus inactivation mechanism by the upstream coagulation-flocculation 
 vii 
 
process which rendered the virus non-infectious prior to membrane rejection. With 
turbidity at 1 and 5 NTU, respectively, virus removal by UF and MF were increased 
because of enhanced particle-floc-viral association. Likwise, upstream coagulation 
resulted in higher UV inactivation rates athough this was not synergistic. Typical UV 
inactivation rates of MS2, in the range of 0.048 – 0.0485 (pH 6-8), were increased to 
ranges of 0.0486 – 0.0503 and 0.0597 – 0.0642, respectively at coagulant dose of 0.5 
mg Al3+/L and 5 mg Al3+/L. In a semi-continuous study to ascertain the effect of 
hydraulic backwash on virus removal, initial percentage virus removals (pre-
coagulation at 5 mg Al3+/L) by the virgin MF membrane fluctuated from 86 – 100%. 
However, consistency in virus rejection was subsequently maintained at 100% (> 
5.8log) regardless of hydraulic backwash and TMP restoration.  
 
A non-biological surrogate was subsequently developed in the form of dye-conjugated 
MS2 for the evaluation of hybrid coagulation-MF/UF-UV disinfection to mimic MS2 
and AD as the challenge microorganisms for coagulation-MF/UF and UV disinfection, 
respectively. With MF and UF rejection, the conjugated surrogates provided slight 
underestimates of MS2 removals (4.1 and 4.7log, respectively). With MF filtration and 
UV disinfection (LP/MP UV doses of 40 mJ/cm2), MS2-Sypro removal/inactivation 
were at 3.6log and 1.2log while that of MS2-AMCA were 3.8log and 1.9log, 
respectively. These corresponded well to AD5 inactivation at 1.1 and 1.75log (LP and 
MP UV), respectively. This demonstrated the robustness of the developed non-
biological surrogates, which can be promising in representing various target 
microorganisms during hybrid water treatment processes.    
Keywords: Adenovirus, Coagulation, MF/UF Filtration, MS2 Bacteriophage, Surrogates, UV 
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CHAPTER 1 INTRODUCTION 
 
 
1.1 Drinking Water Disinfection 
“All streams flow into the sea, yet the sea is never full. To the place the streams come 
from, there they return again.” This universal rule of water cycle points to the threat of 
fecal contamination of drinking water sources. Fecal wastes consist of high 
concentrations of pathogens (bacterial, protozoan and viral) which can lead to a wide 
range of health-related diseases such as typhoid and cholera. The World Health 
Organization (WHO) reports that “infectious diseases caused by pathogenic bacteria, 
viruses and protozoa or by parasites are the most common and widespread health risk 
associated with drinking water” (WHO, 2006).  
 
Because of the health risks entailed from drinking water contaminated with fecal 
sources, water disinfection is deemed as a crucial process in the treatment of potable 
water to prevent the spread of waterborne diseases. The role of disinfection in the 
drinking water treatment process serves principally to reduce waterborne pathogens to 
levels that do not inflict harmful effects on human beings upon ingestion or contact 
with the water. With the advent of more advanced technologies, current day 
disinfection processes can more readily tackle emerging waterborne pathogens.  
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1.2 United States Environmental Protection Agency (USEPA) Guidelines on 
Disinfection  
Plagued by occasional waterborne diseases outbreaks such as the Cryptosporidium 
outbreak in Milwaukee in 1993, and other outbreaks pertaining to Escherichia coli 
O157:H7, USEPA has tightened its reign over water quality standards by constantly 
improving their drinking water guidelines and regulations. Two of such regulations are 
the Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR) (USEPA, 
2006a) and the Stage 2 Disinfectant Disinfection-By-Product Rule (Stage 2 DBP rule) 
(USEPA, 2006b). These two guidelines were promulgated simultaneously to address 
both microbial and chemical safety of drinking waters, by ensuring that drinking water 
utilities strike a balance between the risk posed by microbial contaminants, and at the 
same time, limit the disinfectant dose administered to avoid the risk associated with 
disinfection-by-products (DBPs). With the framework from both guidelines, the 
urgency to comply with drinking water regulations places more intense pressure on 
water treatment utilities for compliance with these drinking water regulations.  
 
To facilitate compliance with both LT2ESWTR and Stage 2 D/DBP rule, the 
LT2ESWTR provides a microbial ‘toolbox’ with both ultraviolet (UV) disinfection 
and membrane filtration as possible alternatives to conventional filtration and 
chlorination processes. Recent studies on the fundamentals of both technologies have 
unravelled their attractiveness and intrinsic capabilities to aid in the compliance of 
both rules and in the provision of multibarrier approaches to disinfection. The use of 
either or both technologies have indeed tipped the balance with the concern off the 
issue of Cryptosporidium, but on the other hand, diverted the focus to virus 
removal/inactivation. Despite the inherent robustness of each individual unit, an 
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understanding on the compatibility of integrating both the membrane filtration and UV 
disinfection processes for virus removal/inactivation is still lacking. There is hence a 
need to resolve how the performance of membrane filtration as an upstream removal 
process, can influence UV disinfection requirements. Nevertheless, because of the 
superior ability of particulates and pathogen removal provided by upstream membrane 
filtration, coupled with the highly effective pathogen removal, particularly 
Cryptosporidium removal, provided by UV disinfection, these processes have 




1.3 UV Disinfection 
UV disinfection has been considered as a highly popular alternative to chlorination. 
The primary reason for its increased usage in many water treatment facilities is its high 
effectiveness against chlorine-resistant Cryptosporidium oocysts at very low UV 
doses. Unlike chlorination, UV disinfection is able to effectuate Cryptosporidium 
inactivation at extremely low doses. Most importantly, no DBP is formed at such low 
UV doses (Bentancourt & Rose, 2002; Linden et al. 2002). This is therefore 
compatible with requirements of both the LT2ESWTR and the Stage 2 D/DBP rules. 
Besides, UV disinfection has become highly popular because of its ability to inactivate 
other bacterial, protozoan and viral pathogens to a high degree and yet occupy a small 
footprint. With the application of 40 – 60 mJ/cm2 of UV dose, which is the common 
case for most water treatment utilities, pathogen inactivation levels up to > 4log 
inactivation can be easily attained.  
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Unlike chlorination, UV disinfection is a physical inactivation process whereby the 
virucidal effect originates from the adsorption of photons by the nucleic acids, the 
building blocks of all living microorganisms. UV light is able to penetrate cellular 
membranes and cytoplasmic spaces to target at the nucleic acid. When absorbed by the 
nucleic acid components of cells, UV light induces the formation of cytobutane 
pyrimidine dimmers (CPD) in the thymine nucleotide of the deoxyribonucleic acid 
(DNA) or the uracil nucleotide of ribonucleic acid (RNA) structure impairs high 
degrees of cellular function, in particular cell replication. Other advantages offered by 
UV disinfection are that it does not require any chemical addition, and it does not 
depend on pH and temperature of the source waters, as does chlorination. With the 
eminence of UV disinfection, the USEPA has developed the UV disinfection guidance 
manual to aid utilities in the validation and operation of UV disinfection facilities 
(USEPA, 2006c). Nevertheless, despite the astounding list of advantages provided by 
UV disinfection, one of the perturbing disadvantages, which is also the focus of this 
dissertation, is that UV disinfection is not effective against Adenovirus (AD). Of late, 
AD has been a key concern in the U.S. There are currently 52 different AD serotypes 
which can cause a wide array of diseases, which could also lead to death in persons 
with compromised immune systems. Moreover, AD is highly rampant and stable in 
various waterbodies, even in tap/drinking waters treated in compliance with 
regulations. Therefore, there is a need to place adequate priority on AD removal during 
drinking water treatment.   
 
1.4 Membrane Technology 
Membrane filtration is another alternative tool suggested in the LT2ESWTR toolbox 
and can be applied upstream of UV disinfection to provide for a multi-barrier 
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disinfection approach during drinking water treatment. Membrane filtration is a robust 
technology, having seen a wide range of applications from the removal or 
macromolecules to ions. With its formal niche in the desalination industry, the 
membrane filtration technology has now found an important role in drinking water 
disinfection (elimination of bacteria, protozoa, and viruses) applications. Depending on 
the specific requirement, different membrane characteristics (pore sizes, surface charge 
or hydrophobicity) and operational procedures can be selected for the required 
function. As an upstream process, membrane filtration can conveniently replace both 
conventional sedimentation and granular media filtration (i.e. for low turbidity waters). 
For high turbidity source waters, pre-sedimentation could be required prior to 
membrane filtration. This technology has been widely adopted in many parts of the 
world. Singapore, too, has retrofitted microfiltration (MF) and ultrafiltration (UF) 
membranes in two of the drinking water treatment plants in areas where the surface 
water quality is low, so as to ensure quality in their product water (Tan et al. 2009).  
 
It has been generally accepted that MF and UF can provide complete removal of all 
protozoan cysts of concern as long as the associated system components are intact and 
operating correctly (Betancourt & Rose, 2004). Jacangelo et al. (1995) added that with 
different MF and UF membranes, >4 to 6log removals of C. parvum oocysts and 
Giardia muris cyst was possible. Besides superior bacterial and protozoa pathogen 
removal, MF and UF are able to provide for high particulate removal. Systems 
adopting an additional UV disinfection step to provide a multi-barrier approach to 
Cryptosporidium and other bacterial and protozoan pathogens, thus complying with 
LT2ESWTR and Stage 2 DBP requirements. However, analogous to UV disinfection, 
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virus is also ascribed as the challenge microorganism during membrane filtration due 
to the small dimensions of the enteric viruses (0.03-0.1 μm) (USEPA, 2005). 
 
1.5 Problem Statements 
1.5.1 Resistance of AD to low pressure (LP) and medium pressure (MP) UV 
disinfection 
To date, numerous studies have been conducted on various aspects of LP UV 
disinfection for water and wastewater applications. Consequently, the LP UV dose 
requirements for a wide range of waterborne pathogens detected in drinking waters 
have already been well established. Most bacterial, protozoan and viral pathogens are 
inactivated by > 4 log using the commonly rendered doses of 40 – 60 mJ/cm2 in 
drinking water treatment disinfection. However, the UV disinfection guidance manual 
(UVDGM) stipulates that in order to account for 4log virus inactivation during UV 
reactor validation, it must be able to demonstrate that UV dose delivery is as high as 
186 mJ/cm2 (not including the required validation factor) (USEPA, 2006c). This UV 
dose requirement for viruses was established based on the benchmark of the UV dose 
requirement of AD (Table 1-1).  
 





05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Cryptosporidium 1.6 2.5 3.9 5.8 8.5 12 - - 
Giardia 1.5 2.1 3.0 5.2 7.7 11 - - 
Virus 39 58 79 100 121 143 163 186 
          
In total, there are 52 different human AD serotypes, all of which are capable of causing 
respiratory and/or gastrointestinal diseases to humans. Details on prevalence and health 
effects of AD will be further elaborated in Chapter 2. Because of possible adverse 
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effects posed by AD, it has therefore been placed in three consecutive Contaminant 
Candidate List (CCL) (USEPA, 1998; USEPA, 2005; USEPA, 2009). The resistance 
of AD has been known to be attributable to their double strand DNA (dsDNA). When 
UV-irradiated AD infects a host cell, the host cell is able to repair the UV-induced 
damage in the viral genome by using the undamaged DNA strand as template (Day, 
1974; Day, 1993; Hijnen et al. 2006; Rainbow & Mak, 1973). This is not possible for 
single stranded RNA (ssRNA) viruses such as hepatitis A virus (HAV) or calicivirus 
(Baxter et al. 2007), which are consequently more susceptible to UV disinfection. 
Others attributed the resistance of AD to their relatively high Guanine-Cytosine (GC) 
content (serotype 40 and 41: 52%, type 2 and 5: 58%) (Liu, 1991). Despite the 
numerous studies conducted on LPUV of AD, one probing question is the contributing 
factor to the difference in UV requirements for a specified level of log inactivation 
based on results from different studies. Marylynn et al. (2006) also commented that 
current UV inactivation data display wide variability. As documented in different 
literature, 4-log inactivation of AD40 required LP UV doses ranging from 124 – 226 
mJ/cm2 (Meng & Gerba, 1996; Linden et al. 2007; Thurston-Enriquez et al. 2003) and 
that for AD41 ranged from 112 – 222 mJ/cm2 (Baxter et al. 2007; Ko et al. 2005; 
Meng & Gerba, 1996). Some have attributed these variabilities in results to the 
difference in cell lines and culturing methods, subjective nature of cell culture 
infectivity assays, AD enumeration methods, viral propagation and harvesting 
methodologies (e.g. number of freeze-thaw cycles), virus serotypes, storage time and 
temperature of virus, and variability in experimental conditions such as UV exposure 
setups, UV dosimetry measurements etc (Ballester & Malley, 2004; Escheid et al. 
2009; Ko et al. 2005; Thurston-Enriquez et al. 2003). This diversity of methods used 
for AD detection and enumeration is reflected in the studies of AD occurrence and UV 
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disinfection (Marylynn et al. 2006). There is therefore a need to address this issue, to 
ascertain whether these variations are due to actual intrinsic differences in AD’s 
resistance to UV disinfection or to other experimental factors. More studies should be 
conducted on a variety of AD serotypes using standardized protocols in order to 
accurately characterize inactivation (Marylynn et al. 2006).   
 
Besides LP UV lamps, MP UV lamp usage is also on the rise. MP UV lamps, which 
emits light within the wavelength range of 200 – 400 nm is seen not only to effectuate 
inactivation of microbes by the adsorption of UV light by the DNA or RNA. Rather, 
UV light in the higher wavelength ranges have been attributed to be absorbed by both 
DNA and proteins, thus possibly damaging the viral coat and core proteins in addition 
to the genome (Escheid et al. 2009). Such extragenomic damage appears to play an 
important role in viral inactivation (Escheid et al. 2009). To date, some studies have 
been conducted on MP UV inactivation of some pathogens but still, the number of 
studies is not as extensive as that for LP UV. With regards to AD in particular, only 
three studies are available (Escheid et al. 2009; Linden et al. 2007; Malley et al. 2004). 
These MP UV studies were conducted on only two serotypes, AD2 and AD41. Little is 
known about the effectiveness of MP UV on other AD serotypes. Linden et al. (2007) 
observed that under MP UV irradiation, AD2 proved to be as susceptible as other 
viruses to UV inactivation. With this potential, there is therefore a need for further 
investigations to examine the effect of polychromatic, MP UV disinfection on AD 
inactivation (Marylynn et al. 2006).  
 
Lastly, of the myriad factors that possibly contribute to variabilities in LP UV dose 
requirements, the effect of the types of cell lines used for AD enumeration (i.e. host 
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cells) appear to play a significant role in influencing the resistance of AD. Ballester & 
Malley (2004) attributed these variations in AD inactivation results among laboratories 
to be due to the subjective nature of the TCID50 assay, the use of difference cell lines 
and different AD culture methods. With regards to cell lines, many studies conducted 
on the cellular level investigated the susceptibility of different cell lines for AD 
detection and there had yet to be a standard cell line used for the detection of AD 
(Marylynn et al. 2006).  
 
Nevertheless, there has yet to be an established method/cell line for the propagation or 
assay of different AD serotypes, firstly, because of conflicting viewpoints on the 
susceptibility of different cell lines to AD infection. These susceptibilities arising from 
the use of different cell lines can be translated to the different concentrations of AD 
following enumeration with these cell lines. Each of these cell lines may be more 
selective for a particular AD serotype than for others, thus making it difficult to 
compare results among studies (Marylynn et al. 2006). Such complexities will 
inevitably affect the constructed UV dose response curve for AD. This problem will be 
further amplified given the fact that different cell lines possess different ability to 
repair their DNA because of the availability of differing repair enzymes (Gerba, 2002). 
Reports have demonstrated that once the UV-damaged AD viral genome is infected 
into a normal/healthy host cell (e.g. during enumeration), the dimers can be repaired by 
nuclear excision repair (NER) mechanism of the host cell, thus restoring the ability of 
AD to replicate (Rainbow & Mak, 1973; Day, 1974). Therefore, following UV 
inactivation of AD, the AD that is enumerated with a repair-deficient host cell may be 
deemed as highly susceptibile to UV as compared to that with a normal host cell that is 
fully capable of DNA repair. Such a principle was previously applied by using AD to 
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assess repair capabilities of different cell lines (Day et al. 1975). However, in the 
context of UV inactivation studies, these differences in results can vary substantially 
when different host cells are used (Ballester & Malley, 2004). There is hence a need to 
address the issue of host cell effect on AD susceptibility during UV inactivation, and 
whether there is a need to establish the type of host cell to be used for AD enumeration 
in such studies.  
 
1.5.2 Effect of upstream membrane filtration on UV disinfection 
Membrane filtration, like UV disinfection, has been suggested as an alternative 
disinfection tool for the compliance of both LT2ESWTR and Stage 2 D/DBP rules. 
MF and UF have been proven to be able to provide for compliance of turbidity 
standards and impressive bacteria and protozoan removal under optimum operational 
conditions. They therefore serve as effective first stage barriers to waterborne 
pathogens. However, because of the intrinsically small sizes of enteric viruses (30 – 
100 nm), complete elimination by low pressure membrane systems alone is difficult.  
 
Viruses are challenge microorganisms especially when it comes to low pressure 
membrane filtration. Since the sizes of enteric viruses are smaller than MF pore sizes 
and relatively comparable to that of UF pore sizes, removal of viruses by these low 
pressure membranes are highly dependent on adsorption during initial phase of 
filtration and subsequently, by physical sieving, filtration through and adsorption onto 
particles in the cake layer, and sieving by the constricted pores due to irreversible 
fouling as the operational duration increases (Jacangelo et al. 1995). Overall, virus 
removal by MF have been observed to range from 0 to 2.4log (Jacangelo et al. 1995) 
and that by UF, from 0 to >7.9log (Jacangelo et al. 1997; Urase et al. 1996). Because 
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of the uncertainties posed by the use of low pressure membrane for virus removal, 
coagulation therefore serves as an important pretreatment strategy.  
 
To date, various studies have been conducted on virus removal using coagulation as a 
pretreatment to MF/UF filtration (Fiksdal & Leiknes, 2006; Matsushita et al. 2005; 
Zhu et al. 2005). These hybrid systems provide for higher virus removal efficiencies at 
lower coagulant dose as compared to conventional systems where settling is required 
prior to sand filtration (Fiksdal & Leiknes, 2006). These studies were conducted for 
short time durations and the time-averaged virus rejections were often measured. 
Nevertheless, regardless of pre-coagulation, others have noted that a fluctuation in 
MS2 removal was observed during the course of a pilot scale coagulation-MF filtration 
process (Panglisch et al. 1998). Higher virus rejection was observed towards the end of 
the filtration cycle when the cake layer was the thickest whereas a lower rejection was 
observed immediately following hydraulic backwashing of the membrane. Overall, 
virus removal ranged from 0.15 to 3log (Panglisch et al. 1998). Similarly, Matsushita 
et al. (2005) also observed that despite high time-averaged virus removal by MF, virus 
removal at the initial phase of MF filtration was low (~1 – 2log removal) and increased 
with filtration time due to the buildup of a cake layer. With such a phenomenon 
occurring upstream, the subsequent impact of such a scenario on disinfection process is 
therefore adverse.  
 
Because of such unanticipated variation in removal despite an introduction of upstream 
coagulation prior to MF/UF filtration, the effectiveness of membrane rejection can 
subsequently be carried forward to the downstream disinfection process. With a 
constant disinfectant dose downstream, the existence of a fluctuating virus removal in 
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the upstream coagulation-MF/UF process will result in either excessive or inadequate 
doses of disinfectants at different points in time. Few studies have been conducted to 
evaluate the effect of upstream removal processes on downstream disinfection. One 
such study was conducted by Templeton et al. (2007) on the removal of particle-
associated bacteriophages by a dual media filter and how the different filtration stages 
affect subsequent UV disinfection. Results indicated a reduction in UV disinfection 
efficiency of particle-associated phages in the filter effluent with MS2 bacteriophage 
and humic acid flocs but not for kaolin flocs. To date, no known study have been 
conducted to ascertain the effect of various upstream coagulation-MF/UF filtration 
conditions on the effectiveness of downstream UV disinfection. Because both the 
LT2ESWTR and Stage 2 D/DBP rules have advocated the use of these two 
technologies which hence spearhead the retrofitting of MF/UF as upstream removal 
processes followed by UV disinfection, the need for further investigation on the 
integration of these 2 technologies is crucial. It is thus necessary to explore the effects 
of various upstream coagulation-MF/UF filtration on UV disinfection.  
 
1.5.3 Lack of viral surrogates appropriate for integrated membrane filtration-
UV disinfection process 
Surrogates are important as a monitoring tool to assess overall treatment reliability. 
Therefore, Nieminski et al. (2000) advocated that a single surrogate should not be 
considered as sufficient to assess treatment performance. Formally, MS2 has been 
widely used as a conservative surrogate for UV disinfection of Cryptosporidium. 
However, because of the stringent requirements for a 4log reduction of viruses on the 
basis of AD’s UV dose requirements, MS2 can no longer serve as an adequate 
surrogate for UV reactor validation for virus inactivation. This lack of an appropriate 
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surrogate for AD as the challenge microorganism serves an impediment to validation 
studies for the monitoring of virus inactivation. Some studies have been conducted on 
various bacteriophages but yet, none of the bacteriophages are as resistant as AD to 
UV disinfection. Meng & Gerba (1996) reported that bacteriophage PRD1 was much 
less resistant to UV than enteric AD40, 41, and bacteriophage MS2. However, in a 
recent study by Shin et al. (2005), a contrasting report was made. A comparison 
between the dose response of AD2 and PRD1 provided the fore-shadow of PRD1 as a 
possible surrogate for AD. Because there has yet to be any suitable surrogates for AD 
during UV disinfection, there is hence a need to explore the availability of an 
appropriate surrogate for UV reactor validation following the UVDGM with AD as the 
benchmark for virus inactivation (USEPA, 2006c).  
 
With regards to MF/UF filtration, various surrogates have been used to study virus 
removal. The USEPA membrane filtration guidance manual has stated that the 
effective size of an appropriate surrogate should be equivalent to or smaller than the 
lower bound of the size range of the target organism (USEPA, 2005). The most oftenly 
used of which is the MS2 bacteriophage (0.1 µm). MS2 has generally been accepted as 
a surrogate for enteric viruses in membrane filtration because of its similarity in size 
and shape to the poliovirus and hepatitis virus. It is also a highly conservative 
surrogate for Cryptosporidium in evaluating upstream membrane filtration efficacy. 
 
Besides biological surrogates, inert particles such as polystyrene latex microspheres 
are also deemed as possible surrogates for Cryptosporidium and viruses (USEPA, 
2005; Templeton et al., 2007). These microspheres have also been used to evaluate 
ozone and chlorine disinfection of C.  parvum oocyst (Baeza & Ducoste ,2004) and to 
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study the UV fluence distribution/validation of  UV reactors (Bohrerova et al., 2005; 
Blatchley III et al., 2006; Blatchley III et al. 2008). Fluorescent dye-conjugated 
bacteriophages have also been applied as a tracer through a deep-bed filter and also for 
the evaluation of the integrity of UF membranes (Gitis et al., 2002; Gitis et al., 2006). 
 
With the inclusion of AD in the UVDGM, MS2 does not constitute as an adequate 
surrogate for UV disinfection and hence, likewise for the integrated MF/UF – UV 
disinfection of AD (USEPA, 2006c). There is therefore a need to develop suitable 
surrogates (biological or non-biological) that represent viruses as challenge 
microorganisms to both UV disinfection and upstream MF/UF processes.  
 
1.6 Research Objectives 
In view of the aforementioned issues pertaining to UV disinfection and upstream 
MF/UF processes preceeding UV disinfection, this dissertation addresses some of such 
issues with virus as the target microorganism. The main objectives are to (1) evaluate 
the effectiveness of UV irradiation on AD, (2) to assess the removal efficacy of viruses 
by hybrid coagulation-MF/UF filtration and (3) to evaluate the effect of upstream 
coagulation-MF/UF filtration on downstream UV disinfection of viruses using 
appropriate surrogates. 
A breakdown of the specific objectives are as follows: 
Objective 1: 
• To establish the LP and MP UV dose response of various AD serotypes  
• To ascertain the effects of different host cells on the UV-induced repair effect 
on AD’s resistance to UV inactivation, and to better understand the reason for 
AD’s resistance to UV inactivation  




• Ascertain an optimized system for upstream coagulation-MF/UF filtration for 
virus removal from drinking water system. 
• Understand mechanism of virus removal by coagulation-flocculation-MF/UF 
filtration 
Objective 3: 
• To ascertain the effect of upstream coagulation-MF/UF conditions on 
downstream UV disinfection of viruses under various upstream coagulation 
conditions 
• To establish appropriate surrogates for viruses in water treatment processes, in 
particular to UV disinfection alone, as well as the integrated MF/UF filtration 
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An overall outline of this dissertation is formulated according to the research 















               Figure 1-1  Schematic framework of this study 
Optimization of an Integrated Coagulation-MF/UF-UV 
Disinfection System for the Removal/ Inactivation of 
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1.7 Organization of Dissertation 
This dissertation addresses pertinent issues pertaining to virus removal from current 
state-of-the-art drinking water treatment processes, with its focus on UV disinfection 
and the effects of upstream coagulation-MF/UF performance on UV disinfection as the 
primary disinfectant.  
 
Chapter 1 provides a general overview on drinking water disinfection with retrospect 
to coagulation-MF/UF filtration and UV disinfection. It states the problem statements, 
research objectives, and the framework of this dissertation.  
 
Chapter 2 provides a comprehensive understanding on the principles, key concerns and 
the current status of research regarding UV disinfection for virus inactivation. Also 
highlighted is the information on virus removal by upstream membrane processes. 
These will set the platform from which this study will base upon.   
 
Chapter 3 describes the materials and methods of the techniques and numerical 
analyses used in this study.  
 
Chapter 4 discusses results obtained from the LP and MP UV inactivation of the AD 
serotypes. It compares and contrasts the UV dose requirements of AD using different 
cell lines for infectivity assay. It ascertains whether the effect of variabilities in the UV 
dose requirements across different studies was attributed to the use of different cell 
lines and different experimental conditions.    
 
CHAPTER 1  INTRODUCTION 
18 
 
Chapter 5 is an extension on the study of AD repair results from Chapter 4. Unlike 
Chapter 4 which is based on infectivity assays, this chapter provides an understanding 
of AD repair by different cell lines using a molecular approach.  
 
Chapter 6 explores the effect of upstream coagulation-MF/UF filtration on virus 
removal under various coagulation-flocculation conditions. Because this dissertation’s 
primary focus is on UV disinfection, as well as the effect of upstream MF/UF 
performance on UV disinfection, this chapter will hence be further extended to 
encompass the effect of the different upstream coagulation-flocculation conditions on 
subsequent UV disinfection after MF or UF filtration.  
 
Chapter 7 assesses a series of both biological and non-biological surrogates as 
representatives of viruses for UV disinfection alone and the hybrid coagulation-
MF/UF-UV disinfection. This was done on a basis of AD as the target microorganism 
used in particular for UV disinfection and enteric virus in general for the integrated 
coagulation-MF/UF-UV disinfection system. 
 
Finally, the overall findings from this study are summarized in Chapter 8. 
Recommendations for further studies are also provided.  
 




CHAPTER 2 BACKGROUND 
 
 
2.1 Current Trends in Drinking Water Disinfection 
Clean drinking water is one of the most precious commodities to all life forms. The 
importance of providing clean and safe drinking water is demonstrated in the 
worldwide episodes of waterborne disease-outbreaks resulting from the consumption 
of contaminated waters. A recent Straits Times (2010) report quoted United Nations 
Environment Programme (UNEP), saying that ‘the sheer scale of dirty water means 
more people now die from contaminated and polluted water than from all forms of 
violence including wars’ and that ‘the lack of clean water was killing 1.8 million 
children under five every year, with much of the waste coming from developing 
countries, which dump 90% of their wastewater untreated’. The expense of 
‘wastewater is quite literally killing people’ (The Straits Times, 2010).  
 
With the development of chlorination in the early 20th century, filtration followed by 
chlorination has been extensively established as barriers to waterborne diseases 
(AWWA, 2005). With chlorination, disease-causing bacterial pathogens such as Vibrio 
cholerae and Salmonella typhi have long been history in developed countries 
(Szewzyk et al. 2000) and in areas with improved sanitation where filtration and 
disinfection treatment plants are installed (McGuire, 2006). This is with the exception 
of occasional waterborne outbreaks resulting from bacterial origins such as the one 
involving E. coli O157:H7 in Walkerton, Ontario Canada in 2000 (Jiang, 2006). In 
recent years, the emergence of new pathogens occupies the prime concern in drinking 
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waters. This is due not to the evolution of new species of pathogens per se but rather, 
to the advancement in detection technology. Technological advancement has led to 
both the detection and recognition of pathogens which was probably not identified 
previously due to the lack of proper detection methods (Szewzyk et al. 2000).   
 
The extent of waterborne disease-outbreaks resulting from contaminated drinking-
waters is controlled by the implementation of the Safe Drinking Water Act (SDWA) 
(USEPA, 1974), as well as other drinking water standards established by the EPA to 
control the level of contaminants in drinking waters. Safe drinking waters entail both 
the microbiological and chemical aspects. The challenge therefore arises due to the 
need of administering sufficient doses of chemical disinfectants to ensure the 
compliance of microbiological safety. On the other hand, an overdose of these 
chemical disinfectants might result in excessive formation of DBPs.  
 
2.1.1 Emerging disinfection technologies 
One of the major concerns for most water utilities worldwide is the protection of 
drinking water supplies against pathogens, in particular the Cryptosporidium. To meet 
the specific requirements of microbiologically-safe drinking waters, sufficient 
disinfectants, the most conventional of which is chlorine, has to be administered. 
However, for most waters, the presence of organics will render the excess dose of 
chlorine as impossible due to the formation of excessive DBPs. To complicate matters, 
chlorine is highly ineffective against Cryptosporidium. It has been demonstrated that 
no inactivation was observed with high concentrations of chlorine even after 18hrs of 
contact time, and no inactivation was demonstrated with chloramines (Korich et al. 
1990). This has henceforth shifted the prime focus to the removal of Cryptosporidium.  
CHAPTER 2  BACKGROUND 
21 
 
Taking the above issues into consideration, water utilities thereby have to grapple with 
the challenge of striking a balance between the risks posed by microbial pathogens and 
carcinogenic DBPs formed during the chemical disinfection process. With the 
objectives of coping with the emergence of new microbial contaminants, as well as a 
limitation on DBPs production as required by both LT2ESWTR and Stage 2 DBP 
rules, much research have therefore been conducted on the feasibility and practicality 
of new technologies to cater for more stringent requirements during water treatment. 
Together with the LT2ESWTR, the LT2ESWTR microbial toolbox was made 
available. This toolbox provided for a list of alternative technologies to help reduce the 
incidences of Cryptosporidium detection in treated drinking waters. Two of the state-
of-the-art technology suggested by the microbial toolbox includes membrane filtration 
and UV disinfection. Besides fulfilling compliances for the LT2ESWTR, UV 
disinfection and membrane filtration processes are also coherent with the requirements 
of Stage 2 DBP rule (USEPA, 2006b).  
 
In response to the LT2ESWTR, the membrane filtration guidance manual has been put 
in place, recognizing membrane filtration as a disinfection tool for Cryptosporidium 
removal (USEPA, 2005). Low pressure membranes (MF and UF) used in water 
treatment applications have pore sizes ranging from 0.01 to 0.5 µm. Complete removal 
of all protozoan cysts have been demonstrated with the membrane systems that were 
intact and operating properly (Betancourt & Rose, 2004). Others observed > 4 to 6 log 
protozoan removal with different MF and UF membranes (Jacangelo et al. 1995; 
Jacangelo et al. 1997). Yet, no technology can solve all pertinent problems. With the 
large pore sizes of these low pressure membranes, the rejection of viruses now become 
a challenge.  




Besides upstream filtration, much focus has also been placed on downstream 
removal/inactivation techniques, thus rendering a multi-barrier disinfection approach 
to the removal of microbial contaminants. As such, the UV technology, which is 
known to be highly effective against chlorine-resistant Cryptosporidium oocysts has 
now resurfaced. In the past, UV disinfection has often been thought of as a costly 
process. With rapid technological improvements, the perceived misconception that UV 
disinfection is a costly tool which is ineffective against Cryptosporidium and Giardia 
has been rectified. The UV disinfection guidance manual was thus developed (USEPA, 
2006c). With the advent of UV disinfection, a broad range of waterborne paghogens, 
particularly Cryptosporidium cysts, no longer pose as a threat to drinking water 
utilities (Clancy et al. 2004). Relatively low doses of UV (< 20 mJ/cm2) have been 
shown to be capable of effectuating 4log inactivation of C. parvum oocyst (Bukhari et 
al. 1999; Hargy, 2000; USEPA, 2006c). Therefore, with Cryptosporidium being the 
primary target for effective disinfection, utilities have looked in favour towards UV 
disinfection strategies as a viable and economic alternative for the inactivation of 
Cryptosporidium and other waterborne pathogens (AWWA, 2005; Morita et al. 2002; 
Rochelle et al. 2005). 
 
For the time being, it appeared that UV has progressed to become a cutting edge 
technology that could possibly replace chlorination. This was evident in the rising 
number of installations in various drinking water treatment plants in the United States 
and in Europe. Nevertheless, likened to low pressure membrane filtration, a pertinent 
limitation of UV disinfection is its lower effectiveness against viruses as compared to 
the other pathogenic counterparts.  




2.2 UV Disinfection  
2.2.1 Principles and applications of UV disinfection 
UV light spans from 100 to 400nm, and is categorized into 4 regions: vacuum UV (100 
– 200 nm); UV-C (200 – 280 nm); UV-B (280 – 315 nm) and UV-A (315 – 400 nm) 
(Meulemans, 1986) (Figure 2-1). Amongst these four regions, only the UV-B and UV-
C (also known as the germicidal ranges) can be absorbed by nucleic acids and proteins, 
contributing directly to the germicidal effect on microorganisms (Harm, 1980; Jagger, 
1985). This is because nucleic acids and most proteins have their absorption maxima 
well below 300 nm and they absorb little light at wavelengths > 300 nm (Harm, 1980). 
Wavelengths in the UV-A range, on the other hand, have been known to affect 
membranes and membrane functions. The germicidal effect of UV radiation is due 
primarily to the penetration of UV light through the cell membrane, which is hence 
absorbed by nucleic acids and to a lesser extent by proteins.  
 
 
Figure 2-1  Electromagnetic spectrum 
Unlike chemical disinfectants which inactivate microorganisms by oxidation of the 
cellular components, UV light inactivates microbes purely by physical means of 
absorption by the nucleic acids of microorganisms. Nucleic acids of living organisms 
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exist either as DNA or ribonucleic acid (RNA), which controls their metabolism and 
replication. The building blocks of DNA comprises of purines (adenine and guanine) 
and pyrimidines (thymine and cytosine), and RNA has similar purines as DNA but its 
pyrimidines comprises of uracil and cytosine nucleotides. Because the UV absorption 
of both DNA and RNA peaks near 260 nm (Figure 2-2), it coincide closely with the 
UV light spectrum. Therefore, UV light is absorbed readily by both the purines and 
pyrimidines, altering the covalent base-pairings between the nucleotides, thereby 
causing dimmers to form within the same DNA or RNA strand (Figure 2-3). 
Disruption of the thymine or uracil nucleotides in the DNA or RNA, respectively, thus 
impairs high degrees of cellular function. The degrees of damage/germicidal efficiency 
will therefore depend on the percentage of cytosine and thymine content in the DNA 
(Harm, 1980).  
 
Figure 2-2  Absorption spectra of DNA (calf thymus DNA) and a protein (bovine 
serum albumin), both at concentrations of 19.3 µg/ml (Harm, 1980) 
 




Figure 2-3  Schematic depiction of UV-induced DNA lesion formation (T-T 
dimmers). Adjacent thymine residues become linked together and the formation of 
dimer distorts the DNA (Huang et al. 2009)  
 
This renders the microorganism inactive by preventing replication and inhibiting 
normal cellular functions, ultimately leading to cell death Three main types of damages 
to nucleic acids are relevant to microbial inactivation (Harm, 1980; Jagger, 1967; 
Sinha & Häder, 2002):  
(i) Cyclobutane-pyrimidine dimmers (CPD): formed when covalent bonds are 
present between adjacent pyrimidines on the same DNA or RNA strand (most 
common during UV disinfection) 
(ii) Pyrimidine (6-4) pyrimidone photoproducts: similar to pyrimidine dimers and  
form on the same sites. 
(iii)Protein-DNA cross-links: covalent bonds between a protein and a DNA strand.  
Among the three listed photoproducts, CPDs are the most abundant (75%) of the UV-
induced DNA damage products, followed by the 6-4 photoproducts which make up 
about 25% of the products (Sinha & Häder, 2002). Following UV irradiation, Jagger 
(1967) emphasized the importance to quantify microorganism inactivation by 
measuring their ability to reproduce. For bacteria, this corresponds to their ability to 
form colonies; for viruses, the ability to form plaques in host cells. Other assays which 
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do not serve as a form of measuring the reproductivity of these bacteria or viruses were 
deemed not to provide an accurate gauge on the extent of microbial inactivation by UV 
light (Jagger, 1967). 
 
2.2.2 Advantages and limitations of UV disinfection 
UV disinfection is considered as a superior alternative disinfectant that has lead to 
rampant retrofitting of this technology in many water treatment facilities worldwide. 
UV disinfection is compatible with LT2ESWTR (USEPA, 2006a) and Stage 2 
D/DBPR (USEPA, 2006b) as it offers a myraid list of advantages over other chemical 
disinfectants, which aid compliance with the regulations. Firstly, and most importantly, 
UV disinfection is extremely effective in the inactivation of chlorine-resistant 
Cryptosporidium and a broad range of other bacterial, protozoan and viral waterborne 
pathogens. Because of its high germicidal effect on these pathogens, short contact time 
is required and therefore, only a small footprint is required for such installations. Since 
it is a physical process, there is no requirement for chemical addition and therefore, 
water parameters such as chemical constituents, temperature, pH etc. are unaltered 
during UV disinfection. Unlike ozonation and chlorination processes, UV disinfection 
does not result in the introduction of taste and odour effect to the treated water 
(USEPA, 1996).  
 
Since UV disinfection is a physical inactivation process, no DBPs are formed from UV 
irradiation at the low doses of 40 – 60 mJ/cm2 commonly rendered in drinking water 
treatment plants. Thus far, only slight DBPs formation are observed at UV doses > 
1000 mJ/cm2 during advanced oxidation processes (AOP) involving UV light (Linden 
et al. 2005). With the current advancement in technology, the formal misconception 
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that UV disinfection is costly, no longer holds true. It is now considered to be 
economical, considering its ability in protozoan inactivation. According to a study 
conducted by USEPA, when UV disinfection was conducted at a UV dose of 40 
mJ/cm2 for systems treating design flow rates of 0.024 – 1.8 MGD, UV disinfection 
was classified as economically more feasible than chlorination at 5 mg/L of chlorine 
dose and ozonation at 1 mg/L dose under each flow rate evaluated (USEPA, 1996). 
Since UV is generated on site via UV lamps, there is therefore no need for 
transportation and handling cost unlike chemical disinfection.  
 
Despite its long list of advantages, some drawbacks do exist with UV disinfection. 
Although not subjected to water chemistry effects such as temperature and pH, the 
efficacy of UV disinfection is compromised when used to treat waters containing 
turbidity and UV absorbing compounds. The presence of these components in the 
water serves as ‘shields’ to the bacteria and absorbs the effective UV light which 
should otherwise be used for microbe inactivation. Therefore, upstream particulate 
removal performance is extremely crucial to the efficacy of UV disinfection. As it is a 
physical inactivation process, disinfection only takes place in the reactor itself, within 
the illumination field of UV light (Betancourt & Rose, 2004). It does not leave any 
measurable disinfectant residual downstream of the UV reactor. This therefore leads to 
the problem of DNA repair, which is an inherent property of some microorganisms. 
With the lack of a residual, some microorganisms are able to repair their damaged 
DNA and to restore cellular functions to propagate and to form a colony (Harm, 1980). 
A chemical disinfectant such as chlorine or chloramine would have to be added 
downstream of UV disinfection so as to curb downstream bacteria regrowth during the 
distribution processs. Lastly, but most importantly, UV disinfection is not effective 
CHAPTER 2  BACKGROUND 
28 
 
against AD. An impractically high dosage is required for 4log accreditation for virus 
disinfection. Furthermore, some viruses have been observed to be capable of host-cell 
reactivation (Harm, 1980; Guillot & Loret, 2010).  
 
2.2.3 UV lamps and setup 
 
2.2.3.1 Characteristics of UV lamps 
 
Commercial UV lamps used in drinking water treatment applications are mainly 
mercury lamps with different mercury-gas pressures. These include the LP, low 
pressure high-output (LPHO) or MP mercury vapour UV lamps.  
 
LP and LPHO UV lamps are monochromatic and emit light at wavelength of 254 nm 
(more accurately, 253.7 nm) and to a minor extent, at 185 nm. LP and LPHO UV 
lamps operate at low mercury gas pressure of ~ 0.93 Pa and 0.18 – 1.6 Pa, respectively 
(USEPA, 2006). LP UV lamps are known to be more efficient than that of MP UV 
lamps as approximately 85 % of the total UV emission of the LP UV lamp is at 254 
nm, which is close to the absorption maximum of nucleic acids (Figure 2-4) 
(Masschelein, 2002). LP UV lamps operate at low temperature (~40 – 42 ˚C) and have 
a long lamp life of 8,000 – 10,000 hrs (Masschelein, 2002; USEPA, 2006c). LPHO 
lamps operate at 60 – 100 ˚C, and have a lifetime of 8,000 – 12,000 hrs. The linear 
emission intensity is low, only 0.2 – 0.3 W (UV)/cm and 0.5 – 3.5 W (UV)/cm with LP 
and LPHO lamps, respectively. This therefore makes it only suitable for setups with 
low flowrates. At higher flow rates, a correspondingly larger number of lamps is 
required to render the appropriate design dose. In terms of the electrical conversion to 
germicidal UV conversion efficiency, LP and LPHO UV lamps are 35 – 38 % and 30 – 
35 %, respectively (USEPA, 2006c).  




Figure 2-4  UV output of LP mercury vapour lamps (Sharpless & Linden, 2001) 
 
MP UV lamps are polychromatic, emitting UV light primarily in the range of 200 – 
400 nm (Figure 2-5). With the MP UV lamp, only ~ 40 – 50 % of the light emitted is 
within the germicidal range. Its electrical to germicidal UV conversion efficiency is 
low, at 10 – 20%, in contrast to that of LP UV lamps. MP UV lamps operate at high 
temperatures in the range of 600 – 900 ˚C, and high mercury vapour pressure of 40,000 
– 4,000,000 Pa (USEPA, 2006c). Because of its higher germicidal UV output (5 – 30 
W (UV)/cm), the number of MP UV lamps required are much less than the LP UV 
lamps and are therefore suited for treatment in systems with high flow rate 
requirements. MP UV lamps are often designed with internal whipers to provide 
automated cleaning of lamps from chemical foulants. This is not available for LP UV 
lamps because of the large number of lamps required as compared to MP UV. 
Consequently, because of the high operational temperature of MP UV lamps, MP UV 
lamps only last for 4,000 – 8,000 hrs (Masschelein, 2002; USEPA, 2006c). Despite the 
higher energy consumption and cost associated with MP UV lamps, the continual 
improvement in technology has now enabled MP UV lamps to be now increasingly 
adopted for water treatment applications.  




Figure 2-5  UV output of MP mercury vapour lamps (Sharpless & Linden, 2001) 
 
2.2.3.2 Collimated beam UV setup 
 
UV disinfection setups are available in collimated beam systems or continuous flow 
reactor systems. Continuous flow reactors are available in different configurations and 
are adopted in pilot and full-scale reactors in drinking water applications. In this 
section, only the collimated beam UV setup will be highlighted because of its 
relevance to this dissertation. Collimated Beam apparatus are batch-scale systems 
which are commonly used in laboratory settings to measure the UV dose response of 
various microorganisms in a specified water matrix. An example of a collimated beam 
setup is illustrated in Figure 2-6.  
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The UV lamp is enclosed within a compartment with non-reflective inner surface. The 
UV beam is directed downwards onto the microbial suspension via a long collimated 
cylindrical tube. At the interface of the lamp enclosure and the collimated tube, a 
shutter is used to control the opening and closing of the aperture, which allows UV 
light to pass through. This shutter is operated pneumatically, thus controlling the time 
duration in which the UV light passes through the aperture and irradiating the object-
of-interest. The object/solution, when placed at a distance away from the lamp, ensures 
that the UV light enters the suspension at near zero-degree angle of incidence and is 
hence homogenous across the surface area (Blatchley, 1997).  
 
In order to standardize the procedures of collimated beam studies, Bolten & Linden 
(2003) have listed out various criteria. The UV irradiance at the surface of the water is 
measured using a radiometer, spanning across the area of the Petri dish at intervals of 5 
mm. The average germicidal fluence rate is then calculated based by accounting for the 
Petri factor, reflection factor, water factor and divergence factor. If a polychromatic 
MP UV lamp is used instead, the sensor factor and germicidal factor are also included 
as additional corrections to the average germicidal fluence rate. Thereafter, UV 
irradiation time is tabulated based on the corresponding UV dose requirements using: 
 
UV dose (mJ/cm2) = IT  
Where I = Intensity (mW/cm2) 
 T = time (seconds) 
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2.2.4 Water quality effects on UV disinfection 
The efficiency of UV can be affected by a range of factors involving the UV lamp 
itself and also external factors such as the water quality. Naturally, as the UV light 
travels through water, light energy decreases with increasing distance away from the 
UV lamp. This is caused by energy dissipation as light travels away from the source 
(USEPA, 1996). With relevance to this dissertation, details on UV lamp properties will 
not be provided and only the effects of water quality on UV disinfection will be 
elaborated upon. Specifically, with regards to the water quality, three parameters are 
known to affect the efficiency of UV disinfection: UV transmittance, particle content 
and the efficiency of upstream water treatment processes. Details will be provided in 
the following sections.  
 
2.2.4.1 UV transmittance/ UV absorbance 
 
The basic principle of UV disinfection highlights the fact that this physical process 
occurs when the UV light comes into contact with the target microorganism. 
Therefore, the UV transmittance/ UV absorbance of the water matrix directly affects 
the performance of UV disinfection. UV absorbance or UV transmittance incorporates 
the effect of absorption and scattering. UV light that is absorbed by a UV absorbing 
compound is no longer available for inactivating microorganisms whereas some of the 
light that is scattered may still have a germicidal effect when it comes into contact with 
the microorganisms.  
 
UV absorbance, at a specified wavelength, is a measure of the decrease in amount of 
UV light that passes through specified distance in a water sample. In terms of LP UV 
disinfection, UV absorbance at a wavelength of 254 nm is of interest (A254). This is 
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often used as a quantification of the water quality and hence the amount of UV light at 
A254 passing through the water sample to reach the target microorganism. UV 
transmittance (UVT) relates to the UV absorbance. UV transmittance is a measure of 
the ability of UV light (at a specified wavelength) that passes through a water sample 
over a specified distance. The relationship between UVT and UV absorbance at 254 
nm can be represented as follows (USEPA, 2006c): 
A254 = - log(
100
%UVT ) 
Where UVT = UV transmittance at a specified wavelength (e.g. 254 nm) for LP UV 
and pathlength (e.g. 1 cm) 
A254 = absorbance at a wavelength of 254 nm and pathlength (unitless) 
 
The presence of UV absorbing compounds in a water sample will increase the UV 
absorbance (i.e. decreased transmittance) of the water matrix and consequently, reduce 
the amount of UV light coming in contact with the target microorganism (i.e. decrease 
performance of UV disinfection). UV absorbers in drinking water sources can include 
soluble and particulate matter such as humic and fulvic acids, aromatic organics (e.g. 
phenols); metals (e.g. iron and manganese), and anions (e.g. nitrates and sulfites) (Yip 
& Konasewich, 1972; DeMers & Renner, 1992).  
 
2.2.4.2 Particle content 
 
The presence of particles as turbidity can negatively impact the efficiency of UV 
disinfection. Suspended particles in water and wastewater can scatter, absorb and block 
UV light (Qualls et al. 1983; USEPA, 2006c). UV light that is absorbed by particles is 
considered ‘wasted’ and no longer available for disinfection. On the other hand, 
scattered light is still available for disinfection yet, has a lower energy. This is due to 
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the dissipation of light energy as it travels through a longer path length to arrive at the 
target microorganism (Huber & Frost, 1998). Depending on the size of particles, light 
can be scattered to different extents, in different directions by different sized particles. 
Particles smaller than the wavelength of light occur via Rayleigh scattering whereas 
that larger than the wavelength of light scatter more in the forward direction, with 
minor backscattering. This is as illustrated in Figure 2-7. 
 
Particles, which are ubiquitous in source drinking waters, are present in different 
compositions and sizes. Examples include large molecules, microorganisms, clay 
particles, algae and flocs (USEPA, 2006c). The presence of these particles can shield 
the target microorganisms from the germicidal UV light, hence reducing the UV 
efficiency (Emerick et al. 1999; Parker & Darby, 1995; USEPA, 1996). 
 
Figure 2-7  Scattering of light by particles (USEPA, 2006c) 
Turbidity is often used as an index of the amount of particles present in water that can 
affect UV disinfection. Generally, a higher UV dose is required to render a specified 
level of log inactivation of target microorganism in a turbid water matrix as compared 
to another with lower turbidity. When particles are present in a water matrix, the UV 
dose response of target microorganisms are affected in such a way that a tailing effect 
can sometimes be observed (Parker & Darby, 1995). UV dose increase resulting from 
the presence of turbidity, is a result of 2 factors: (i) particle association and shielding 
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of microorganisms from UV light and (ii) effects of particles on the transmission of 
UV energy through the water matrix (Malley, 2000; USEPA, 1999). 
 
Some other studies have been conducted to study the effect of different particle sizes 
on UV disinfection (Emerick et al. 1999; Emerick et al. 2000; Linden et al. 2002; Jolis 
et al. 2001; Qualls et al. 1985). To date, the effects of turbidity and particle count and 
size on microbial inactivation are inconclusive. Wastewater particles > 7 – 10 µm have 
been observed to shield particle-associated microorganisms from UV light (Emerick et 
al. 2000; Jolis, 2001). However, others observed that high turbidity of up to 12 NTU 
and algae cell counts of up to 4.2 x 107 had no effect in MS2 inactivation (Passantino 
& Malley, 2001). 
 
In drinking water applications, Malley (2000) observed that for 2log MS2 
bacteriophage inactivation in filtered drinking water, settled alum flocs and settled 
wastewater solids, UV dose requirement increased by approximately 50% as turbidity 
increased from 1 to 5 NTU. Likewise, Christensen & Linden (2003) observed minimal 
effect at a turbidity level of < 3 NTU. Others who conducted UV disinfection on 
unfiltered drinking water with turbidity from 7 – 20 NTU also observed minimal or no 
impact on MS2 bacteriophage, Cryptosporidium or Giardia inactivation (Craik et al. 
2002; Oppenheimer et al. 2002, Malley et al. 2001). These, however, were not 
conducted without specifically ensuring that the virus was particle-associated (e.g. for 
the case of drinking water treatment with upstream coagulation). Only few studies are 
available on particle-associated bacteriophages. A comprehensive LP and MP UV 
disinfection study was conducted by Batch et al. (2004) to evaluate the effects of 
filtered water quality (e.g. turbidity, particle count, particle size and absorbance) on the 
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performance of UV disinfection. Results indicated that when turbidity, particle count 
and absorbance were factored into bench-scale UV dose measurement, the inactivation 
of MS2 bacteriophage in filtered waters meeting federal regulations were not affected.  
 
2.2.4.3 Upstream water treatment processes 
 
The effect of upstream water treatment processes on UV disinfection arises from a 
combination of factors in sections 2.2.4.1 and 2.2.4.2. UV disinfection is often placed 
near the end of the drinking water treatment train, usually just before a final step of 
chlorination prior to distribution. UV disinfection can therefore be affected by the 
performances of upstream treatment processes which determine the level of UVT and 
the amount of suspended particles proceeding to the UV disinfection process (USEPA, 
2006c). Since details on the effects of the specific influence of UVT and particle 
content have been provided in previous sections, only the board overview of their 
effects on UV disinfection will be provided in this section. 
 
Depending on the type of source waters, the introduction of upstream processes such 
as coagulation, flocculation, and sedimentation to remove soluble and particulate 
material, and filtration to remove particles so that UVT can be maximized to aid in 
optimized designs for UV reactor, hence eliminating unnecessary operational costs to 
UV reactors (USEPA, 2006c). Only 1 such study was conducted by Templeton et al. 
(2007) to understand the effect of upstream removal of particle-associated 
bacteriophages at different stages of sand filtration and the impacts on subsequent UV 
disinfection. Furthermore, different stages of filtration (filter ripening, stable operation 
and end of filter cycle) appeared to have different effects on UV disinfection. UV 
disinfection efficiency on particle-associated phage was reduced in the filter effluent 
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with humic acid flocs, and also in unfiltered coagulated water samples before filtration. 
Turbidity corresponded with particle-associated phage breakthrough from the filter, 
which hence affected downstream UV disinfection. With most well-operated 
conventional drinking water treatment plant, effect of turbidity on UV disinfection is 
likely to be low following sand filtration. However, the presence of virus creates a 
totally different scenario. Viruses are one or two order magnitude smaller than bacteria 
and may hence be protected from UV disinfection even by small particles < 10 µm. 
Particles of this size may even pass through well operated filters (Templeton et al. 
2005). The effect of small particles on UV disinfection is further demonstrated in 
another study conducted by Templeton et al. (2005). Templeton et al. (2005) noted that 
particle-associated viruses, when enmeshed in particles < 2µm, were sufficient to 
shield viruses from UV light, and that particulate chemical composition affected the 
survival of particle-associated viruses during UV disinfection. In a comparison of MS2 
enmeshed in activated sludge flocs, humic acid or kaolin clay particles, only the latter 
was found not to affect UV disinfection (Templeton et al. 2005).  
 
Besides the performance of upstream it has been noted that some oxidants (e.g. 
chlorine and ozone), when added upstream of UV disinfection, increase UVT (APHA 
et al. 1998; Bolton et al. 2001) when they oxidize natural organic matter (NOM), 
reduce soluble material, and precipitate metals. In addition, ferric iron and 
permanganate also absorb UV light and also decrease UVT, thus reducing the 
efficiency of UV light (Bolton et al. 2001).  This will not be further elaborated as it is 
not the key focus in this dissertation. 
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Current applications of coagulation-flocculation-membrane filtration appear to promise 
high levels of particulate removal as an upstream process. However, the effect of the 
performances of upstream coagulation-flocculation-MF/UF filtration on UV 
disinfection has yet to be evaluated.  
 
 
2.2.5 UV disinfection of pathogens 
Extensive studies have been conducted on the UV disinfection on a vast list of 
waterborne pathogens, and the efficacy of UV disinfection is undeniable. LP UV 
doses, as summarized in Table 2-1, clearly shows that waterborne bacteria and 
protozoan pathogens are easily inactivated by UV light even at very low doses. At the 
commonly rendered dose of 40 mJ/cm2 in most drinking water treatment plants, 
bacteria and protozoan pathogens are not an issue of concern. Nevertheless, despite the 
economic feasibility of using UV disinfection for bacteria and protozoan pathogens, 
one outstanding limitation of UV disinfection is the comparatively higher resistances 
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Table 2-1  UV dose required to achieve 2 and 4log inactivation of bacteria and                           
                  protozoa 
 
Microorganism Type UV dose (mJ/cm2) 
required to achieve 
inactivation of 
Reference 
2log 4log  
Aeromonas hydrophila 
ATCC7966 
Bacteria 2.6 5 Wilson et al. (1992) 
Campylobacter jejuni 
ATCC43429 
Bacteria 3.4 4.6 Wilson et al. (1992) 
E. coli ATCC29222 Bacteria 6.2 8.1 Sommer et al. (1998)  
E. coli O157:H7 
ATCC43894 
Bacteria 2.8 5.6 Wilson et al. (1992) 
E. coli wild type Bacteria 6.2 8.1 Sommer et al. (1998) 
Legionella pneumophila 
ATCC43660 
Bacteria 5 9.4 Wilson et al. (1992) 
Salmonella typhimurium 
(human feces) 
Bacteria 3.5 9 Tosa & Hirata (1998) 
Streptococcus faecalis 
ATCC29212 
Bacteria 8.8 11.2 Chang et al. (1985) 
Vibro cholera 
ATCC25872 
Bacteria 1.4 2.9 Wilson et al. (1992) 
Cryptosporidium parum, 
oocyst, mouse infect. 
Pilot scale 
Protozoa - <19 Bukhari et al. (1999) 
Cryptosporidium parum, 
oocyst, mouse infect. 
Recreational water,  
MP UV pilot  
Protozoa - <10 Hargy (2000) 
Giardia lamblia cyst 
(human//gerbil), gerbil 
infect. 
Protozoa - *<10 Malley et al. (2000) 
* UV dose required for 5log inactivation 
 
2.2.6 UV disinfection of viruses 
The conventional treatment is also not an absolute solution to virus breakthrough 
during drinking water treatment. Viruses have been known to be transmitted via 
drinking waters on a more rampant basis as compared to protozoa and bacterial 
pathogens, and are capable of plaguing moderate to high risks on human health 
(Raucher, 1996). Approximately 35-50% of the unknown causes of waterborne disease 
outbreaks have been known to be attributed to viruses. Such viral contamination of 
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drinking water originates primarily from fecal contamination and when ingested, 
widespread waterborne diseases could occur (Dufour et al. 2006). Viruses are not only 
persistent in the water environment but their relatively high resistance to disinfectants 
is also inherent in nature. In addition, with the small dimensions of enteric viruses 
(~30-100nm), virus removal by conventional filters may not be significant (Thurston-
Enriquez, 2003).  
 
On most occasions, conventional water treatment with disinfection is capable of 
removing majority of the viruses such as enteroviruses (4log or more) and Hepatitis A 
viruses (HAV) etc. However, perverse unanticipated occurrences such as the detection 
of HAV in samples containing 0.2 mg/L of residual chlorine is still possible with 
disinfection in place (Bosh et al. 1991). Similarly, other viruses such as the 
enteroviruses have been detected in drinking waters which have been derived from 
acceptable quality surface water sources that conform to international specification for 
the production of safe drinking water. Therefore, acceptable water quality indicators do 
not necessarily reflect the accurate virus content in treated drinking waters (Vivier et 
al. 2004). Enteroviruses and adenovirus (AD) have also been detected in tap waters in 
Korea (Lee & Kim, 2002) and the U.S (Enriquez et al. 1995), and in treated drinking 
waters in South Africa (van Heerden et al. 2003; 2005). As such, most utilities have 
gradually adopted multi-barrier approaches by either providing membrane filtration 
(also a disinfection process) prior to chemical disinfection, or the use of primary and 
secondary disinfectants (i.e. sequential disinfection) for pathogen inactivation 
(Hofmann et al. 2004; EarthTech, 2005; Marylynn et al. 2006). 
 
CHAPTER 2  BACKGROUND 
41 
 
Viruses, which are constituted by genetic material enclosed within a capsid, are 
inactivated in a similar manner as bacteria cells. Appropriate doses of UV light can 
result in the penetration of the protein capsid, the damage of nucleic acid structure and 
hence impairing cellular function, whereas intense UV light can further result in the 
disruption of the entire virion structure (Battigelli et al. 1993). A distinct difference 
between the inactivation of bacterial or protozoan contaminants and that of viruses is 
the UV dose required. With a UV of 40 mJ/cm2, bacteria and protozoan pathogens are 
inactivated by at least 4logs (Tale 2-1) (Cotton et al., 2001; USEPA, 2006c). This 
dosage was widely accepted in the U. S. for providing 4log inactivation of bacteria and 
protozoa (Marylynn et al., 2006). Generally, for UV disinfection of viruses, a wide 
range of UV doses is required to cater for the inactivation of different viral species. For 
a 4log inactivation, the UV dose requirement can vary from as low as 16mJ/cm2 for 
enteric viruses to slightly over 200 mJ/cm2 for AD, a difference of more than 10 folds 
(Table 2-2). Therefore, the challenge posed by viruses, particularly AD, during UV 
disinfection is more thought provoking than that for Cryptosporidium and bacterial 
pathogens during this current age. 
 
Thus far, the UV dose responses for majority of the viruses known to cause waterborne 
disease outbreaks have been well established (Table 2-2). Evidences from the 
cumulative results obtained by various research groups have indicated that the 
prediction of UV dose requirement for human enteric viruses and bacteriophages is not 
simply attributed to a single factor. Results obtained by Shin et al. (2005) 
demonstrated weak correlation between virion size and genetic composition of enteric 
viruses and their response to low pressure UV (LP UV) irradiation (Shin et al. 2005). 
Therefore, the large variance of virucidal dosage required for different virus types 
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could be attributed to the compounded effect of all factors such as the UV fluence 
applied, the length and structure (single-stranded or double-stranded) of viral genome, 
the GC ratio of the viruses’ DNA/RNA, type of viral protein coat, as well as the 
viruses’ ability to protect from UV and to repair UV-induced damages (Harm, 1980; 
Sommer et al. 2001). 
 
Table 2-2  Summary of UV dose required for 4log inactivation of waterborne               











Poliovirus 28 ssRNA PBS 31 Gerba et al. (2002) 
Echovirus 1 27 ssRNA PBS 33 Gerba et al. (2002) 
Echovirus 2 27 ssRNA PBS 28 Gerba et al. (2002) 





40 ssRNA BDF 36 Thurston-Enriquez 
et al. (2003) 
Coxsackievirus 
B3 
24-30 ssRNA PBS 33 Gerba et al. (2002) 
Coxsackievirus 
B4 
24-30 ssRNA PBS 30 (>5.2 log 
inactivation) 
Shin et al. (2005) 




24-30 ssRNA PBS 36 Gerba et al. (2002) 
AD type 2 60-80 dsDNA PBS 160 Gerba et al. (2002) 
AD type 40 60 dsDNA SDW  124 Meng & Gerba, 
(1996) 
AD type 41 60 dsDNA SDW 111.8 
 
Meng & Gerba, 
(1996) 
SDW: Sterile distilled water 
BDF: Buffered-demand free water (pH7) 
PBS: Phosphate buffered saline (pH7.4) 
 
 
The variable UV doses required for the inactivation of different viruses have been 
attributed to one or a combination of the following factors: differences in size, viral 
proteins, lipids and DNA structure (Harm, 1980). For example, the resistance of the 
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Reovirus is due to its large size (being 3 times larger than poliovirus) and its double 
protein coat (which absorbs radiation better than the single protein coat of the 
poliovirus) (Harris et al. 1987). Studies have also demonstrated that the outer protein 
capsid of bacteriophage MS2 and rotavirus also provided an added UV resistance as 
compared to other single-stranded RNA (ssRNA) viruses such as the Poliovirus and 
HAV (Hurst et al. 2002). Further, in comparison to RNA viruses (e.g. MS2, with a 
uracil content of 25%), DNA-containing viruses (e.g. ΦX174, with a thymine content 
of 31%) are seemingly less resistant than RNA viruses since thymine dimmers form 
more readily during UV exposure than uracil dimmers of UV-exposed RNA viruses 
(Battigelli et al. 1993). However, lately, reviews have advocated otherwise, that 
nucleic acid structure itself does not determine UV dose response of viruses. Two of 
such examples include the AD and bacteriophage PRD1, which are double stranded 
DNA (dsDNA) viruses (Marylynn et al. 2006; Shin et al. 2005). Lastly, an increase in 
virus resistance (e.g. for AD) could be due, invariably, to their ability to encode for 
repair mechanisms. Such capability are not an inherent trait of viruses but rather, 
acquired from certain host cells and incorporated into the viruses’ genetic material 
(Harm, 1980) via nuclear excision repair (NER) mechanism when they re-infect the 
host after irradiation (Day, 1993; Rainbow & Mak, 1973).  
 
Most enteric viruses, which have been reported to be associated with the transmission 
of waterborne diseases in freshwaters (e.g. Rotavirus, Norovirus, Astrovirus, HAV 
poliovirus, Coxsakievirus and Echo type Enteroviruses) are inactivated with a UV dose 
of 40mJ/cm2 (Table 2-2). However, such an application is barely able to result in a 
1log inactivation of AD (Meng & Gerba, 1996; Thurston-Enriquez, 2003; Nwachuku 
et al. 2005). Therefore, the source of concern for viral inactivation with UV originates 
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from the AD resistance, which is the determining factor for UV validation in 
accordance to the latest UVDGM (USEPA, 2006c). 
 
2.2.6.1 The implications of AD on microbial safety of water 
The high resistance and prevalence of AD in the environment in both developed and 
developing countries has been a source of concern for the USEPA. Currently, there are 
52 different human AD (enteric or non-enteric). AD has been identified to cause 
various clinical syndromes depending on the AD serotype. Subgenera A to E are 
generally associated with respiratory infections, conjunctivitis, pharyngitis, 
pneumonia, acute and chronic appendicitis, exanthematous disease, bronchiolitis, acute 
respiratory disease, febrile illness (sore throat, glands) and may lead to death in 
persons with compromised immune systems (Baum, 1995 Enriquez, 1995; Guillot & 
Loret, 2010; Hilborn et al. 2002; Jiang, 2006; WHO, 2004).  Subgenus F (e.g. AD40 & 
41) is associated with gastroenteritis. AD40 and 41 are known as enteric AD, which 
have been identified as the second most important agent of gastroenteritis in children 
(Uhnoo, 1984).   
 
As compared to other enteric viruses, AD has been of importance because of their 
increased environmental stability, as well as their rampant presence in sewage, ground 
waters, rivers, seas, swimming pool waters and even in tap/drinking waters treated in 
compliance with water treatment processes which met accepted specifications for 
treatment, disinfection and conventional indicator organisms (Albinana-Gimenez et al. 
2006; Cho et. al. 2000; Enriquez et al. 1995; Haramoto et al. 2010; Lee & Kim, 2002; 
Thurston-Enriquez, 2003; van Heerden et al. 2005). They are unusually stable to 
chemical or physical agents and adverse pH conditions which hence allow for 
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prolonged survival outside the body (Guillot & Loret, 2010). Jiang (2006) further 
added that human waste is the only known source of human AD and they are known to 
be more abundant than RNA viruses in water samples worldwide. They have therefore 
been considered as appropriate indicators of virus contamination in aquatic 
environments (Pina et al. 1998). Others have also proposed that AD serve as a 
conservative indicator for assessing water quality and efficacy of water treatment 
processes due to its association with human sewage, human waste specificity, 
environmental stability and resistance to water treatment processes (Jiang, 2006). 
Some key concerns of AD are summarized in Table 2-3. 
 
Table 2-3  Key concerns pertaining to AD (adapted from table 7.1 Waterborne 
pathogens and their significance in water supplies (WHO, 2004)) 
 
Health Significance High 
Persistence in water supplies Long 
Resistance to chlorine Moderate 
Relative infectivity High 
Important animal source No 
  
 
Species C AD (i.e. AD2 and 5) are primarily respiratory AD that can also cause 
conjunctivitis and have been known to be associated with serious widespread disease 
in immune-compromised patients (Baxter et al. 2007). They are less frequently 
associated with gastroenteritis and they grow well in cell culture unlike the fastidious 
species F AD (Baxter et al. 2007). However, recent studies have shown that 
transmission via drinking waters may not be limited to only enteric AD 40 and 41 and 
vice versa. Some non-enteric AD (e.g. AD2 and 5) such as those causing respiratory 
diseases can also infect the gastrointestinal tract, leading to diarrhoea (Yates, 2008). 
Similarly, there is also a possibility for all AD serotypes to be waterborne, regardless 
of whether they exist as enteric or non-enteric strains (Yates, 2008). A comprehensive 
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study in AD infection that was conducted in a Virus Watch Program in the U. S 
revealed that high occurrence of fecal shedding of respiratory AD is also possible due 
to viral infection of the intestines (Spigland et al. 1966). This was attributed to the 
viruses establishing infections in the intestines and these AD that are not traditionally 
considered “enteric” can cause diarrhoea. Therefore, the results suggest that 
waterborne transmission of AD may not only be limited to the enteric AD types 40 and 
41, but also possible with respiratory AD (Marylynn et al. 2006). This emphasizes the 
importance of targeting AD (both enteric and non-enteric strains) during drinking 
water disinfection. Since AD is a common pathogen found in sewage, there is a high 
risk that the AD survive in the environment and hence exist in drinking water sources 
as well (Hofmann et al. 2004). These reasons provide a strong mandate to the use of 
AD for the determination of virus inactivation requirements during UV validation 
(USEPA, 2006c).  
 
Currently, despite the evidence of AD survival in the environment, the actual role of 
AD in waterborne disease outbreak is still inconclusive. The only waterborne enteric 
disease outbreak that is partially attributed to AD was reported in a Finnish 
municipality in April 1994. AD, Norovirus small round viruses (SRV), Group A and C 
rotaviruses were confirmed to be the causative agents but Norovirus was concluded to 
be the main cause of the outbreak (Kukkula et al. 1997). Although no main cause of 
drinking water disease outbreak have been attributed to the enteric AD, outbreaks due 
to non-enteric adenoviruses have been documented in swimming pools 
(Papapetropoulou, 1998). In addition, exposure to such waters can involve disease 
outbreak by ingestion, contact or inhalation (Crabtree et al. 1997). Therefore, there 
could be a high risk whereby similar transmission could occur in drinking waters.  
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In summary, the reasons for AD being placed among the 4 viruses included in the CCL 
(USEPA, 1998; USEPA, 2005; USEPA, 2009), include its high significance on human 
health, their existence in large numbers in many water environments, as well as their 
extremely high resistance to purification and disinfection processes such as chlorine 
and UV (USEPA, 2009; Meng & Gerba, 1996; Gerba et al. 2002). These contaminants 
listed on the CCL are regarded as the highest priority contaminants, worthy for 
research purposes based on detection technology and in water quality specifications. 
Furthermore, because of the high resistance of AD to disinfection, E. coli (or 
alternatively, thermotolerant coliforms) is deemed not a reliable index of the presence/ 
absence of AD in drinking water supplies (WHO, 2004). Therefore, in tandem with the 
UVDGM, a sub-section of this thesis strives to meet the objective of a 4log virus 
inactivation in accordance to the requirements of the UVDGM (USEPA, 2006c).  
 
2.2.6.2 The resistance of AD to UV disinfection 
AD, being the most resistant virus to UV disinfection (Gerba et al. 2002), is considered 
as one of the determining factors for the need of a high level of UV doses administered 
during water disinfection (Hofmann et al. 2004). The resistance of AD has been 
attributed to its large size (90-100 nm in diameter) and nucleic acid makeup (linear 
dsDNA). AD are nonenveloped icosohedral viruses, the only human enteric viruses 
with dsDNA (Guillot & Loret, 2010). AD consist of complex molecular structures, 
tightly bound proteins in the outer shell of the virus coat and a high guanine-cytosine 
(GC) content (type 40 and 41: 52%; type 2 and 5: 58%) (Liu, 1991; Rainbow et al. 
1973). The complex AD capsid comprises of several capsid proteins and protruding 
protein fibers whereas other less resistant viruses (e.g. calicivirus) capsid lacks fibers 
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and is made up of only one viral protein. The more complex AD capsid may offer 
additional protection against UV.  
 
Additionally, following UV irradiation, UV-damaged AD genome can be repaired by 
the host cell’s repair enzymes using the undamaged DNA strand as the template upon 
infection of the host cell, through NER (Day, 1974; Day, 1993; Rainbow & Mak, 
1973). The extent of repair rendered to AD’s genome is dependent upon the 
availability of repair enzymes within the host cells. Gerba et al. (2002) expressed that 
AD possess different intracellular capabililities of DNA repair depending on the cell 
lines from which they are propagated/grown in. Therefore, following UV exposure, the 
use of different cell lines for AD enumeration may result in different AD survival and 
hence, UV dose response may vary (i.e. greater availability of repair enzymes may 
result in greater number of viral particles surviving after UV disinfection). 
Consequently, many human transformed cells, human tumor cells and cells from 
xeroderma pigmentosum patients are deficient in NER and show reduced host cell 
reactivation of UV damaged AD (Day et al. 1999; Rainbow, 1989). Therefore, 
Marylynn et al. (2006) advocated that it is likely that UV studies on AD inactivation 
measure both the response of the virus and the repair capacity of the host cell that were 
used to assay the virus.  
 
To date, numerous studies have been conducted on LP UV inactivation of various AD 
serotypes (Gerba et al. 2002; Ko et al. 2005; Meng & Gerba, 1996; Nwachuku et al. 
2005; Thurston-Enriquez et al. 2003) but only three such studies have been conducted 
on MP UV (Escheid et al. 2009; Linden et al. 2007; Malley et al. 2004). Overall, LP 
UV dose requirements of AD are consistently high irregardless of the serotypes (~120 
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– 206 mJ/cm2) (Table 2-4). However, LP UV dose requirements from different studies 
for each specified level of log inactivation was different for the same AD serotype.  
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These differences in LP UV dose requirements have been attributable to a wide array 
of factors. These include the use of different cell lines and culturing methods, 
subjective nature of cell culture infectivity assays, history of the viral stock and their 
preparation methods, virus serotypes, storage time and variability in experimental 
conditions such as UV exposure setups, UV dosimetry measurements etc (Ballester & 
Malley, 2004; Escheid et al. 2009; Ko et al. 2005). To date, it is still unknown which 
factors/methodology, if any, directly contributes to these extreme variability in UV 
dose results (Baxter et al. 2007) and whether these variations are due to actual 
differences in UV resistances or other experimental factors as listed previously. With 
regards to MP UV inactivation, significantly lower UV doses were observed to be 
required (Escheid et al. 2009; Linden et al. 2007). However, these were only conducted 
on AD2 and 41. Both LP and MP UV inflicted equal damage to genomes of AD but 
MP UV appeared to be more effective to inactivate AD in cell culture (Escheid et al. 
2009).  
 
Previous studies have demonstrated that despite slight differences in absorbance, the 
water matrix (laboratory buffered water, groundwater or treated drinking water) did 
not significantly affect AD’s resistance to LP UV inactivation (Linden et al. 2007; 
Thurston-Enriquez et al. 2003). Thurston-Enriquez et al. (2003) observed that despite 
the higher UV absorbance of treated groundwater (i.e. drinking water) as compared to 
the BDF water, little difference was observed between the doses required for AD 
inactivation. Likewise, Linden et al. (2007) also observed no effect of laboratory and 
filtered drinking waters on AD2 inactivation during both LP and MP UV inactivation. 
Besides the effect of water matrix, Thurston-Enriquez et al. (2003) noted also that 
enteric AD are sensitive to successive freeze-thawing, which weaken the viral capsid 
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and resulted in the increase in viral susceptibility to UV inactivation. Nevertheless, Ko 
et al. (2005)’s results suggested that freeze-thawing may not affect AD susceptibility. 
Taken together, numerical values in Table 2-4 does suggest an effect due to the 
number of freeze-thaw cycles, yet, this can only be implied because other contributing 
factors might also exist.  
 
On the cellular level, studies have been conducted to investigate the susceptibility of 
different cell lines for AD detection. These cell lines include the BGMK, Caco-2, Hela, 
Hep-2, A549, PLC/PRF/5 and 293 human embryonic kidney (HEK293) cells 
(Cromeans et al. 2008; Grabow et al. 1992; Witt & Bousquet, 1988). Such studies are 
especially crucial for the two enteric AD (AD40 and 41) because they can infect cells 
without any cytopathogenic effect (CPE) and are more difficult to cultivate than other 
AD (Albert, 1986). Despite numerous studies on cell lines, there has yet to be an 
established method/cell line for the propagation or assay of different AD serotypes 
(Baxter et al. 2007). This arises due to conflicting viewpoints on the susceptibility of 
different cell lines to AD infection (Cromeans et al. 2008; Grabow et al. 1992; Jiang, 
2006; Witt & Bousquet, 1988). To add on to the complexity, extreme variations in 
enteric AD growth have also been observed for the same cell line (de Jong et al. 1983). 
Not only were these variations present for the same AD serotypes from different 
laboratories, different batches of cell lines from the same origin/source also resulted in 
different susceptibility to AD growth (Albert, 1986). This may hence lead to a 
compromise in results when the UV doses of AD are compared between different 
laboratories using differing batches and types of cell lines for enumeration and the 
tabulation of AD’s UV dose response. Different results may also be obtained when 
different cell lines are used for the assay of UV-irradiated AD due to differing 
CHAPTER 2  BACKGROUND 
52 
 
availability of repair enzymes in different cell lines (Gerba et al. 2002). These factors 
can inevitably distort UV dose results to a certain extent. Henceforth, there arises a 
need to ascertain the role of different host cells on the enumeration of AD especially 
for UV disinfection-related studies and whether the differences in UV dose 
requirements for AD are due to other variabilities or to actual differences in their 
susceptibility to UV.  
 
2.2.6.3 Challenges of AD disinfection by UV 
 
Unlike bacteria, most viruses and bacteriophages are not capable of reactivation after 
UV-induced damage of their nucleic acids. However, the converse appears to be true 
for AD, although its ability to reactivate in the context of drinking water is still 
unclear. Studies regarding AD repair are specific only to UV irradiation in general 
laboratory- and clinical-based research, and hence, do not explicitly address the ability 
and significance of AD repair in drinking waters. Reports have demonstrated that once 
the genome is provided the access of a normal/healthy host cell, the dimmers can be 
repaired by NER, thus restoring its ability to replicate (Rainbow & Mak, 1973; Day, 
1974). This was therefore suggested as the cause of AD’s high resistance to UV 
disinfection (Hijnen et al. 2006). Prior to UV irradiation, the use of different cell lines 
could result in differences in initial AD titers due to the selectivity of different cell 
types for AD. It is known that the damaged DNA of UV-irradiated AD can be repaired 
by the NER mechanism of the host cell, thus restoring AD’s ability to replicate 
(Rainbow & Mak, 1973). During enumeration, the same titer of AD surviving 
immediately after UV irradiation undergoes different extents of repair when infected in 
different cell lines which may contain differing amounts of repair enzymes. Depending 
on the extent of repair after they are assayed in different cell types, different amounts 
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of CPE will be inflicted. These differences will hence be reflected during the 
tabulation of the UV dose response curves. Therefore, following enumeration and 
hence repair by the host cells during enumeration, the AD are deemed as UV resistant 
because of the high amounts of CPE as reflected during enumeration. Furthermore, 
certain AD serotypes may repair faster in one cell line as compared to other cell lines. 
Day (1974) had studied the effect of cell types and repair enzymes by assaying UV-
irradiated AD2 in cells from xeroderma pigmentosum patients which are deficient in 
NER, and demonstrated that AD2 was as sensitive to UV as compared to other 
microorganisms. With human transformed or tumored cells as host, AD2 also 
exhibited a reduction in host cell reactivation after UV irradiation (Marylynn et al. 
2006). It is to be noted that these clinical studies using normal and diseased/tumored 
skin cells (e.g. xeroderma pigmentosum fibroblast) (Rainbow & Mak, 1973; Day, 
1974; Rainbow; 1980; Rainbow, 1989) were conducted with their focus placed on the 
repair capabilities of the host cells rather than the AD itself.  
 
Cells lines that have been used to culture and isolate AD include cell lines such as 
BGMK (blue green monkey kidney cells), Caco-2 (colorectal adenocarcinoma cells), 
HeLa (cervical adenocarcinoma cells), Hep-2 (derived from HeLa contamination), KB 
(human oral epidermoid), A549 (human carcinoma of lungs), PLC/PRF/5 (human liver 
cells) and 293 human embryonic kidney (HEK) cells. The UV dose responses of the 
AD (Table 2-4) were obtained through propagation with these diseased cells. 
Therefore, no knowledge is available on the ability of AD reactivation by any host cell 
in the human gut when ingested. Yet, a recent review by Hijnen et al. (2006) advocates 
that AD repair is already accounted for in the dose-response curves and 
photoreactivation or dark repair is not likely to occur in the case of drinking waters.  
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2.3 Membranes as Barriers to Viruses 
Membrane filtration has been seen as an attractive option to conventional water 
treatment processes in the past decade. With its robust capability, the appropriate 
choice and sequence of membrane treatment units allow for high quality water 
purification/dinsinfection. Like UV disinfection, membranes are able to provide for 
superior removal of most waterborne pathogens. Viruses, on the other hand, pose as a 
slight challenge. High virus removal efficiencies with NF or RO may not be an 
intriguing issue. With the mechanism of size exclusion, virus retention by such 
membranes serves as an attractive option for drinking water purification and 
wastewater reclamation (Urase et al. 1996). However, the interest on virus removal 
using membranes have recently shifted from that of NF and RO systems to low 
pressure MF/UF system as an upstream process to replace conventional sedimentation 
and sand filtration during drinking water treatment. MF and UF are commonly used for 
upstream drinking water treatment prior to disinfection. Although MF and UF provide 
for absolute barrier against particulates and bacteria, virus removal exist as a challenge 
to these low pressure membranes.  
 
2.3.1 Virus removal using MF and UF 
MF have the largest pore sizes ranging from 0.1 to 10 µm whereas UF have pore sizes 
ranging from 0.002 – 0.1 µm. MF and UF used in water treatment processes are in the 
size range of 0.01 to 0.5 µm. Unlike UV disinfection whereby AD poses as a challenge 
organism due to its high UV resistance, the challenge for MF/UF is its ability to 
remove viruses in general, particularly smaller sized viruses such as the Poliovirus. 
Low pressure membranes are known to remove viruses by a variety of mechanisms 
such as sieving or size exclusion, adsorption onto the membrane surface or internal 
CHAPTER 2  BACKGROUND 
55 
 
structure, attachment to particles in the feed water and subsequent removal by the 
membrane, and also by the formation of a cake layer on the membrane surface, thus 
forming a secondary barrier to the viruses. The mode of removal also depend on the 
microorganism and the chemistry of the solution being filtered (Jacangelo et al. 1995). 
 
Despite the large pore size of MF as compared to the sizes of viruses, MF have been 
proven to be capable of high viral removal efficiencies (Jacangelo et al. 1995). Low 
pressure membranes can be operated at a higher membrane flux, coupled with a lower 
transmembrane pressure as compared to NF and RO (AWWA, 1992). MF and UF are 
therefore well-received as a first stage barrier to waterborne pathogens during drinking 
water disinfection. With the exception of Urase et al. (1996) who commented that the 
retention by MF membranes is closely related to their pore sizes and to a lesser extent 
by adsorption, others have advocated the dominant role of adsorption in initial virus 
retention, followed by subsequent retention by the cake layer on MF membranes. 
McGahey & Olivieri (1993) also added that pore size alone does not adequately 
describe the ability of a membrane to remove particulates from the solution phase 
(McGahey & Olivieri, 1993). 
 
Preliminary studies on the virus removal efficiency of membranes included the use of 
surface modified membranes to improve the adsorption of viruses. Hou et al. (1980) 
was able to increase poliovirus removal from 54% to 99% (2log) by switching from a 
0.22 μm Millipore cellulose nitrate membrane to an electropositive Zetaplus 
membrane. Removal was subsequently reduced to 35% with an electronegative 
membrane. In contrast to the removal of standard hydrophobic MF membranes, poorer 
removal efficiencies were also achieved with hydrophilic nucleopore membranes (35-
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80% removal of Qβ and 30-85% removal of MS2) at various pH (Herath et al. 1999). 
Highest removal, probably resulting from enhanced aggregation, occurred when the 
pH coincided with the pI of Qβ (0.74log at pH5.3) and MS2 (0.77log at pH3.9). At the 
pH coinciding with the isoelectric point, Qβ and MS2 possess no net charge whereas at 
higher pH, the negative charges and hence the existence of viruses in dispersed form 
explains their lower removal efficiency by membrane processes (Herath et al. 1999). In 
contrast, van Voorthuizen et al. (2001) demonstrated that 5log MS2 retention was 
possible, in the presence of salts, and with a hydrophobic membrane. The presence of 
salt could have led to a compression of the double layer thickness and aggregation of 
MS2, hence enhancing MF removal capabilities.  
 
Virus removal could also be enhanced in the presence of biomass (e.g. E. coli) or 
turbidity, under stirred conditions and lower transmembrane pressures. Biomass 
presumably assist in virus retention to the membrane by either modification of the 
filtration barrier due to closure of the large MF pores, the formation of a secondary 
layer, or the provision of an additional adsorptive surface area (AWWA, 1992; 
Madaeni et al. 1995; Madaeni, 1997). Similarly, the removal of Qβ with a MF 
membrane with pore size of 0.1 μm could be increased from 90% to 99.5% in the 
presence of particulates (from pond water and activated sludge) (Herath et al. 1999). 
Taken together, virus retention by MF was attributed to the chemical composition of 
the membrane, the ratio of membrane pore diameter to virus diameter, the hydrophobic 
and electrostatic interactions (Madaeni et al. 1995), as well as the presence of biomass 
or turbidity (Madaeni, 1997).  
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Despite the ability of the MF to achieve relatively high virus retentions of greater than 
99% (2log) under appropriate operational conditions, a current limitation is the 
inconsistent retention capability with increasing operational time. Madaeni et al. 
(1995) noted that the ability of MF to retain viruses changed with time, with an initial 
high virus retention (~100%) as a result of virus adsorption onto the membrane, 
followed by a drop to 91% (due to a saturation of membrane adsorption sites), and an 
eventual increase again (due to standard blocking of pores and subsequent cake 
formation on the membrane surface) (Figure 2-8). This was also observed in a pilot 
plant whereby MF removal of MS2 varied from 0.15 to almost 3log, with a reduction 
in log removal just after the backwash process (Panglisch et al. 1998). Such a 
phenomenon, when integrated with a downstream disinfection process, could be 
detrimental if insufficient doses of disinfectants are administered downstream, just 
after the membrane backwash. However, this issue is rarely addressed. In contrast, 
Panglisch et al. (1998) did not detect any MS2 in the permeates originating from UF 
pilot plants, thus demonstrating removal of > 4.5log. Jacangelo et al. (1991) also 
observed > 6.5log removal of MS2 by UF filtration and no MS2 was detected in the 
permeates. Nevertheless, Urase et al. (1994) noted that UF membranes are not absolute 
barriers to viruses because of the existence of abnormally larger pore sizes.   
 
Figure 2-8  Rejection profiles of poliovirus with and without E. coli using GVHP 
membranes as a function of time (Madaeni et al. 1995) 
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2.3.2 Hybrid coagulation-MF/UF for virus removal 
In recent years, however, hybrid coagulation-MF/UF has been looked in favour in 
comparison to the use of MF or UF alone without any upstream coagulation process. 
With the low and inconsistent removal of virus by MF alone (Coffey et al. 1993; 
Jacangelo et al. 1995; Madaeni et al. 1995; Madaeni; 1997), it is apparent that recent 
research have been diverted to the addition of coagulation as a pre-treatment step 
(Matsushita et al. 2005; Zhu et al. 2005; Fiksdal & Leiknes, 2006). Coagulation prior 
to MF/UF treatment has previously been well established and favoured for the 
enhanced removal of NOM (which is normally not removed by MF), viruses and 
colloidal particles. At the same time, pre-coagulation aids in reducing membrane 
fouling (Wiesner et al. 1989), maintaining a relatively high membrane permeability 
and permeate flux, and also resulting in a high quality permeate. Much research have 
been conducted on the investigation of various coagulation conditions (pH, coagulant 
dose, filtration time, stirring conditions etc.) on the effect of membrane permeability, 
organic removal and whether optimized coagulation conditions could reduce 
membrane fouling (Wiesner et al. 1989; Judd & Hillis, 2001; Howe & Clark, 2002; 
Mo et al. 2002). These could counteract the impediment to the wide application of the 
MF/UF by minimizing the problem of membrane fouling, which is closely associated 
with the existence of dissolved organic matters and small colloids (<1 μm) in source 
waters (Wiesner et al. 1989).  
 
By applying the same coagulation principle to virus removal, it has been demonstrated 
that virus removal could be improved from a range of 0-0.5 log to more than 4log 
removal under appropriate coagulation conditions (Fiksdal & Leiknes, 2006; Zhu et al. 
2005a; Zhu et al. 2005b). Zhu et al. (2005), Matsushita et al. (2005), and Fiksdal & 
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Leiknes (2006) reported an increase in virus removal efficiencies by MF (4-7.4log 
removal) with increased coagulant dosage to 10mg Fe(III)/L, 1.62mg Al/L and 5mg 
Al/L (in terms of ALG and PAX, both of which are aluminium-based coagulants), 
respectively. Likewise, with UF filtration, virus rejection was increased from an 
average of 0.5log (without pre-coagulation) to ≥ 7.1log (with 3 mg Al/L) and > 7.4log 
(with 5 mg Al/L) (Fiksdal & Leiknes, 2006). 
 
2.3.3 Challenges of hybrid coagulation-MF/UF in virus removal  
A major limitation with regards to hybrid coagulation-MF pertains to the 
inconsistencies of virus removal with the MF operational duration. However, with 
regards to this, various contrasting viewpoints exist. Zhu et al. (2005) documented a 
consistent virus removal at a particular iron coagulant dose despite the increase in 
silica-iron cake layer thickness (in the range of 0-102 g/m2) over time (Figure 2-9). It 
was hence concluded in his study that membrane cake layer thickness had no effect on 
virus removal. On the other hand, Jacangelo et al. (1995) observed an improvement in 
MS2 virus removal with an increase in thickness of kaolinite cake layer over time. 
Virus removal increased from 1.2log with a clean membrane to 2.5 and 3.7log with the 
deposition of 8 and 16 g kaolinite/sq ft. This was attributed to differences in 
experimental conditions whereby Jacangelo et al. (1995) pre-coated the membrane by 
a pre-filtration of kaolinite prior to the filtration of virus whereas Zhu et al. did a pre-
coagulation of silica and virus prior to the filtration of the flocs (Zhu et al. 2005). 
Nevertheless, it was surprising that no correlation was drawn between cake layer 
thickness and virus removal, as one might expect some evidence of increasing virus 
removal with increasing cake layer thickness, which was not observed in Zhu et al.’s in 
situ-formed silica-Fe(OH)3 particles (Zhu et al. 2005).  




Figure 2-9  Effect of coagulant dose and pH on MS2 bacteriophage removal by 
hybrid Coagulation-MF (Zhu et al. 2005) 
 
An enhancement in virus removal with increasing operating time due to cake layer 
build-up was also observed by other researchers, which was in agreement with 
Jacangelo et al. (2005) (Matsushita et al. 2005; Madaeni et al. 1995; Farahbakhsh & 
Smith, 2004) despite the slight difference in experimental procedures. Matsushita et al. 
(2005) and Fiksdal & Leiknes (2006) performed a pre-coagulation with aluminium-
based coagulants whereas the cake layer formation as documented by Madaeni et al. 
(1995) and Farahbakhsh & Smith (2004) was due to a gradual build up of particulates, 
and not of pre-coagulated flocs. By varying coagulation time, Matsushita et al. (2005) 
demonstrated that virus removal increased gradually over a period of 6hrs (Figure 2-
10). Similarly, Fiksdal & Leiknes (2006) also registered a same increase in virus 
removal over time with different coagulant dosage (Figure 2-11).  




Figure 2-10  Effect of coagulation time on virus removal. (pore size of MF = 0.1μm, 




Figure 2-11  MS2 concentration in permeate vs. membrane filtration time  
(Fiksdal & Leiknes, 2006) 
 
Currently, with these conflicting conclusions, there is hence a need to verify the role of 
the cake layer for virus removal. With the majority’s consensus that a cake layer build 
up does enhance virus removal and that an increase in virus removal is evident with 
increasing filtration time, a reduction in virus removal is expected after backwashing 
due to the restoration to a relatively clean membrane. This was evident in Panglisch et 
al. (1998)’s study. With such a phenomenon, the subsequent impact of such a scenario 
on downstream disinfection processes is therefore adverse. With a constant disinfectant 
dose downstream, the existence of a fluctuating virus removal in the upstream MF 
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process will result in either excessive or inadequate doses of disinfectants. Most 
studies focused on coagulation-MF for virus removal as the larger pore sizes of MF 
membranes are deemed as a challenge for virus removal whereas only some studies are 
conducted on UF removal of viruses. Majority of the studies provide for the time-
averaged virus removal by MF and UF but does not provide further information on the 
removal/inactivation mechanisms of viruses during the full-stream hybrid coagulation-
flocculation-MF/UF process. Additionally, most studies focused on upstream removal 
by coagulation-MF/UF but do not provide understanding on the effect of upstream 
process removal performances on downstream UV disinfection. 
 
2.4 Surrogates for Enteric Viruses Removal during Drinking Water 
Treatment 
Nieminski et al. (2000) defined a surrogate as a representative that should improve the 
overall reliability of treatment performances and provide a sound basis for reducing the 
likelihood or microbiological pathogen breakthrough. It would hence have to provide 
an accurate/adequate prediction of the target organisms’ response to the entire 
treatment or a particular treatment process. There is a need for a measure to determine 
how well plants are optimized for the removal of pathogens as this is paramount for 
the achievement of maximum treatment effectiveness (Nieminski et al. 2000).  
 
2.4.1 Biological surrogates 
Bacteriophages such as somatic coliphages, F-specific coliphages and phages infecting 
Bacteroides fragilis have been proposed for use as indicators of human pathogenic, 
waterborne viruses to evaluate the effectiveness of water treatment and disinfection 
units (Anon, 1991). Phages are valuable surrogates for enteric viruses to assess the 
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resistance of human viruses to water treatment and disinfection processes as they share 
many fundamental properties and features (Grabow, 2001). Phages, in particular F-
RNA coliphages (e.g. MS2) resemble human viruses in many properties: F-RNA 
coliphages  and enterivorises both have icosahedral capsized with a diameter of ~25 
nm and a ssRNA genome; they are both excreted by humans and they do not multiply 
in water environments. They are also similar in properties such as removal by water 
treatment processes and resistances to disinfection processes (Grabow, 2001). The 
IAWPRC study group on health related microbiology (1999) has further distinguished 
the function of model organisms into the index of the indicator function. The former 
relates to health risk or occurrence of pathogens whereas the latter relates only to the 
effect of a treatment process or the quality of a certain product. The resistance of an 
indicator organism to disinfectants should be related to the target microorganism.  
 
Thus far, MS2 has often been used as a viral surrogate/ indicator to represent enteric 
viruses. It is 25 nm diameter icosahedral phage with an isoelectric point (pI) of 3.0 
(Gerba, 1984; Sakoda et al. 1997). Previously, IAWPRC study group on health related 
microbiology (1999) reviewed a wide list of literature on the resistance of different 
phages and enteric viruses and suggested that only F-specific RNA phages would have 
a resistance high enough to be considered as an acceptable indicator.  
 
MS2, which is significantly more resistant to UV than Cryptosporidium, serves as a 
conservative surrogate for UV disinfection of Cryptosporidium (Mackey et al. 2002) 
and a relatively conservative surrogate for most enteric viruses (Thurston-Enriquez, 
2003). However, in recent years, the LT2ESWTR is geared towards a higher 
stringency standard by using the AD (186 mJ/cm2 for 4log inactivation) (before 
CHAPTER 2  BACKGROUND 
64 
 
considering for the validation factor) as the basis for the validation of UV reactors 
(USEPA, 2006c). This is in stark contrast to the UV dose requirement for a 4log 
inactivation of MS2 (Table 2-5). Using MS2 as a surrogate for AD will largely portray 
an inaccurate gauge of the disinfection efficiency when AD is involved. Therefore, in 
accordance to the UVDGM published for the LT2ESWTR, MS2 does not contribute to 
an acceptable surrogate for UV inactivation of the AD (Thurston-Enriquez, 2003; 
Kashinkunti et al. 2004). 
 













ΦX174 26-32 ssDNA Tap water 10 Sommer et al. 
(2001) 
B40-8 30 dsDNA Tap water 29 Sommer et al. 
(2001) 
MS2 25 ssRNA Tap water 75 
 
Sommer et al. 
(2001) 
Tap water 80 
 
Havelaar et al. 
(1991) 
BDF 119 Thurston-
Enriquez et al. 
(2003) 
PBS 60 (for 3.5 log 
inactivation) 
Shin et al. (2005) 
PRD-1 60-65 dsDNA Activated-carbon 
dechlorinated tap 
water 










Shin et al. (2005) 
 
Studies have previously been conducted in search of a suitable biological surrogate for 
AD by studying the UV dose response of a variety of bacteriophages as biological 
surrogates. Similarly, the AWWA research foundation has also undertaken the task of 
exploring biological surrogates for AD (AwwaRF, 2005). However, the summary of 
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UV dose requirement for various other bacteriophages in Table 2-5 provides ample 
evidence that these bacteriophages fall short of the UV dose requirement of AD. 
Therefore thus far, MS2 still stands as one of the most UV resistant bacteriophage, and 
has been the most commonly used challenge organism for the validation of UV 
disinfection units in the U. S. (Mamane-Gravetz, 2005), and the Bacteroides fragilis 
bacteriophage is most commonly used in Europe.  
 
The high UV resistance of AD has been the highlight of the USEPA and most water 
treatment utilities in recent years. Since the publication of the UVDGM (USEPA, 
2006c), the manual, which is based on the AD dose response for 4log virus 
inactivation, has been the navigational force dictating the direction of research. With 
the high UV dose requirements for AD, one current limitation of UV disinfection is the 
lack of an adequate surrogate for AD in accordance to the UVDGM (USEPA, 2006c). 
Because AD can cause serious health effects to humans, they cannot be directly 
applied to test run for the efficacy of a treatment system. 
 
This has propelled various research groups to explore other alternative bacteriophages 
as possible biological surrogates for AD during UV disinfection. This includes 
bacteriophage PRD1 and V1 (Meng & Gerba, 1996; Shin et al. 2005). Although Meng 
& Gerba (2002) disregarded PRD1 as a suitable surrogate for AD, Shin et al. (2005) 
however, remarked that the dose-response of PRD1 was a good representation for that 
of AD2 in their study. Belnap & Steven (2000) noted similarities in capsid structure 
and DNA structure, which are linear dsDNA genomes with terminal repeats capped by 
terminal proteins that are required for DNA replication. However, AD genome is more 
than two-folds larger than that of PRD1. At this point in time, a finalized decision has 
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not been made and research is still on-going for a suitable AD surrogate. As such, there 
is a need to re-examine the use of MS2 for evaluating the efficacy of UV disinfection, 
and also to identify a potential surrogate for AD in order to obtain an accurate gauge 
for the efficacy of UV disinfection systems.  
 
With regards to membrane filtration, poliovirus, bacteriophages MS2 and Qβ have 
often been used to study virus removal mechanisms by membrane systems. Poliovirus, 
has often been used as a model virus in membrane studies since it is one of the 
smallest viruses (28-30 nm) which can be transmitted via drinking waters and at the 
same time, it is simple to assay and safe to handle (Kostenbader & Cliver, 1983; Hurst 
et al. 1989; Madaeni et al. 1995; Madaeni, 1997). Bacteriophages MS2 (McGahey & 
Olivieri, 1993; Zhu et al. 2005; Fiksdal & Leiknes; 2006) and Qβ (Matsushita et al. 
2005; Urase et al. 1996) have also been used frequently due to their small dimensions 
(MS2 at 25 nm and Qβ at 23 nm), as well as their morphological and nucleic acid 
similarity to HAV and poliovirus, both of which are important human viruses of 
concern in drinking water treatment. In accordance to the membrane filtration 
guidance manual, MS2 bacteriophage is accepted as a surrogate for enteric viruses 
(0.03-0.1 µm (USEPA, 2005)). Furthermore, with its low iso-electric point (pI = 3.9) 
and relative hydrophobicity, MS2 provides a worst case scenario for membrane 
interaction studies (van Voorthuizen et al. 2001). 
 
2.4.2 Nonbiological surrogates 
Formally, nonbiological surrogates comprise of a measure of turbidity and/ or particle 
counts as a measure of target microorganism removal by drinking water treatment 
processes. However, further examination revealed that turbidity, in fact, is not an 
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adequate measure (Nieminski et al. 2000). Waterborne disease outbreaks have 
occurred even when turbidity was within regulatory limits and worse still, at levels < 
0.1 NTU, Cryptosporidium and Giardia have been detected (Roefer et al. 1996; 
McTigue, 1995).   
 
In molecular microbiology, the photobleaching property of organic fluorescent dyes 
(fluorophores) under irradiation at the excitation wavelength of a particular 
fluorophore severely limits their useful lifetime (Bahr et al. 1997). However, this 
‘flaw’ of the organic dyes in biotechnological studies appears to be a benefit when 
applied to the field of disinfection studies. The principles of fluorescence, either in the 
form or fluorescent-conjugated bacteriophages (Gitis et al. 2002; Gitis et al. 2006) or 
fluorescent microspheres (Baeza & Ducoste, 2004; Blatchley III et al. 2006; Blatchley 
III et al. 2008; Bohrerova et al. 2005; Emelko & Huck, 2004; Marinas et al. 1999; 
Shen et al. 2009) have recently been applied as a possible form of non-biological 
surrogate for studying the behaviour of biological organisms in the environment, and 
to evaluate the efficacy of water treatment systems. By correlating microsphere 
‘survival’ ratios to C. parvum inactivation curves, Mariñas et al. (1999) concluded that 
these nonbiological surrogates offered a potentially simpler and more accurate 
approach for assessing and optimizing ozone disinfection efficiency achieved in full-
scale contactors and for demonstrating compliance with disinfection requirements. 
This was further applied to the study on the synergistic behaviour of C.  parvum oocyst 
exposed to ozone followed by chlorine (Baeza & Ducoste, 2004). It was demonstrated 
that besides a change in fluorescent intensities, the fluorescent microspheres exhibited 
synergistic effects resulting from the sequential exposure to ozone followed by 
chlorine, whereby the initial exposure to ozone led to damage to the external structure 
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followed by diffusion of chlorine into the interior as analogous to the effect on C.  
parvum oocyst. 
 
The sensitivity of fluorescence is not only limited to ozone. This application of 
fluorophores to various UV related studies has also been noted. Bohrerova et al. (2005) 
made use of fluorescent microspheres to study the UV fluence distribution in a UV 
reactor. Blatchley III et al. (2006), by combining application of biodosimetry, 
numerical modelling and Lagrangian actinomy using custom-made fluorescent 
microspheres and B. subtilis spores as the challenge organism, was able to quantify 
UV dose distributions during UV reactor characterization and validation. Similarly, 
dyed microsphere has been successfully applied for UV validation of UV disinfection 
systems, together with biodosimetry and numerical simulation, thus providing in-depth 
information about reactor performance (Blatchley III et al. 2008). Another study was 
later applied on similar applications for MP UV disinfection reactors. These successful 
demonstrations of fluorescent microspheres as nonbiological surrogates, as well as the 
use of fluorescent beads to study UV fluence provide ample evidence and testify of its 
potential as a possible surrogate to AD. 
 
Besides fluorescent microspheres, fluorescent dye-labeled bacteriophages have also 
been used as surrogates for various purposes. Only two of such studies involving 
fluorescent dyes conjugated to MS2 have been available (Gitis et al. 2002; Gitis et al. 
2006). The proof of concept for fluorophore-MS2 conjugation has been demonstrated 
by Gitis et al. (2002) as a tracer to study the viral transport though a porous media. 
MS2 bacteriophage was labeled with FITC, fluorescein or rhodamine B by attaching 
the amine-linked fluorophore to the modified protein capsid of MS2. These were 
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demonstrated to be superior to turbidity and dye molecules alone in representing viral 
transport through a deep-bed filter. Gitis et al. (2002) attributed the advantages of dye-
conjugated MS2 to reasons such as its ability to keep the pertinent charge transport 
properties of true viruses, to avoid costly sample preservation processes and the ability 
to offer rapid detection by fluorescence. Another studied also applied fluorescent-dye-
labeled MS2 bacteriophages to evaluate the integrity of UF membranes because it was 
noted to emulate viral transport better than other nonbiological surrogates (Gitis et al. 
2006). However, limitations of this included its low sensitivity, and there is a need to 
further lower the limit of detection for such a surrogate. Nevertheless, the principle of 
dye conjugated MS2 promises potential applicability as surrogates in the tracking of 
pathogen transport, UV fluence tracking and inactivation performances. This could 
also offer a leeway to the development of a surrogate for enteric viruses in UV 
disinfection studies.  
   
2.4.3 Challenges of surrogates for AD 
Previous study has provided firm evidences for MS2 as surrogates to enteric viruses in 
various treatment processes in particularly membrane treatment processes. However, 
MS2 does not constitute as an adequate surrogate for UV disinfection when AD is to 
be considered based on the latest UVDGM (2006c). Therefore, when using MS2 as the 
sole surrogate to evaluate treatment performance of hybrid coagulation MF/UF-UV 
disinfection of viruses particularly AD, an underestimate on the extent of 
removal/inactivation could result. Therefore, a suitable surrogate for UV validation 
studies or the evaluation of entire treatment processes involving upstream filtration and 
downstream disinfection would be useful. One such option could be the combination 
of both MS2 and fluorescent dyes, in which MS2 serves as an appropriate surrogate for 
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viruses during upstream coagulation-MF/UF filtration whereas fluorescent dyes can 
probably serve as a surrogate for viruses as the challenge microorganism during UV 
disinfection. As such, the conjugation of fluorescent dyes onto MS2 could be a 












Materials and methods will first be provided on the UV disinfection of AD using both 
cellular and molecular approaches to ascertain UV dose required for AD and AD repair 
following UV disinfection. This will be followed by that for the upstream coagulation-
MF/UF study and its effect on downstream UV disinfection, with MS2 used as a viral 
surrogate. Finally, the evaluation process for an appropriate surrogate to be applied to 
the integrated coagulation-MF/UF-UV system will be detailed. 
 
3.2 AD Evaluation  
3.2.1 Cultivation of host cells 
All viruses and cell lines were purchased from Americian Type Culture Cell (ATCC, 
Manassas, USA). AD used in this study included AD5 (ATCC VR-5), AD40 Dugan 
strain (ATCC VR-931) and AD41 Tak strain (ATCC VR-930). Primary liver 
carcinoma (PLC/PRF/5) (ATCC CRL-8024), 293 human embryonic kidney cells 
(HEK293) (ATCC CRL-1573) (transformed with AD5 DNA) and xeroderma 
pigmentosum cells (XP17BE) (ATCC CRL-1360) were used for AD enumeration prior 
to and following UV inactivation. The XP17BE cells used in this study were known to 
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3.2.2 Human cell culture 
PLC/PRF/5, HEK293 and XP17BE cells were grown in growth media comprising of 
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% Fetal Bovine 
Serum (FBS). Cells were grown in 75 cm2 culture flasks at 37oC in an incubator 
(Sanyo electric biomedical MCO-17AIC, USA) supplied with 5% CO2. All cells were 
subcultured when 70-80% confluence was attained. PLC/PRF/5, HEK293 and 
XP17BE cells were subcultured at ratios of 1:2 – 1:4, 1:4 – 1:6 and 1:2 – 1:3, 
respectively. All media were pre-warmed in a 37 ˚C  water bath prior to usage. For 
subculturing, the culture medium was removed from the 75 cm2 culture flask. Ten ml 
of 1 x phosphate buffered saline (PBS) was used to rinse away suspended cells. Two 
ml of 0.25% (w/v) Trypsin-0.53 mM EDTA solution was then added to the flask. The 
flask was temporarily placed in the 37 ˚C CO 2 incubator for 5 - 8 mins to allow the 
cells to detach from the flask surface. Cells were observed under an inverted 
microscope (Olympus, Japan) to ensure that cell layer was dispersed. Thereafter, 8 ml 
of growth media was added to the flask and mixing was done by gentle pipetting. 
Appropriate aliquots of the cell suspension were aspirated and then transferred to new 
culture flasks. Each flask was topped up to 15 ml with fresh growth media. The cells 
were then incubated at 37 ˚C with 5% CO2. Growth media in each flask was renewed 
once every 3 days.  
 
3.2.3 Virus propagation 
AD5, 40 and 41 were propagated using HEK293 as the host cell. HEK293 cells were 
grown in growth media comprising of Dulbecco’s Modified Eagle’s medium (DMEM) 
supplemented with 10% Fetal Bovine Serum (FBS) as specified in Section 3.2.2. 
When cells attained 80% confluence, growth media was aspirated from the 75 cm2 
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culture flask and cell monolayer was washed with 1 x PBS. One ml of virus stock was 
applied to the cell monolayer for virus infection. A control flask was also included, 
with 1 ml of 1 x PBS applied instead of the virus stock. Cells and viruses were 
incubated in a CO2 incubator with 5% CO2 at 37 ˚C for 1 hour to allow for virus 
adsorption onto cell monolayer. The flask was subjected to frequent shaking at 15 mins 
intervals to aid virus adsorption. Thereafter, 15 ml of maintenance media comprising 
of DMEM supplemented with 2% FBS was added prior to further incubation at 37˚C 
in 5% CO2. AD5, 40 and 41 were incubated for 2 – 3 days, 3 – 7 days and 7 – 10 days, 
respectively, until complete CPE was observed. CPE was characterized as refractile 
rounding, clumping or sloughing of cells from the surface of the flask. After CPE, cells 
were completely scraped from the flask surface using a sterile scraper, and aspirated 
into a 50 ml centrifuge tube. Viruses were separated from cell debris by centrifugation 
at 7,000 x g for 10 mins (Hettich Universal 32R, USA). A second round of harvesting 
was conducted by adding 1 ml of maintenance media to the cell pellet, followed by 
three freeze-thaw cycles to release viruses from infected host cells. Centrifugation was 
conducted at 7,000 x g for 10 mins. The aqueous phase containing viruses was added 
to the aqueous phase of virus from the first round of harvesting and stored as 1 ml 
aliquots in cryogenic tubes at -80˚C for future use. 
 
3.2.4 Virus enumeration 
The 50% tissue culture infectious dose (TCID50) method was used to enumerate AD5, 
40 and 41 with PLC/PRF/5, HEK293 and XP17BE as host cells prior to and following 
UV disinfection. TCID50 refers to the amount of virus that will produce CPE in 50% of 
cell cultures inoculated. Briefly, the cell lines, grown to 70% confluence, were rinsed 
with 1 x PBS. Two ml of trypsin-EDTA was added to detach the cell monolayer from 
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the flask surface. Maintenance media was added to the cell culture and mixed 
thoroughly before they were transferred into the 96-wells microtiter plates at 
approximately 2 x 104 cells per well. Cells were incubated overnight at 37˚C in  an 
incubator supplied with 5% CO2 prior to virus infection. Six wells were designated as 
negative controls, containing only cell monolayers without any virus. Viruses were 
serially diluted in maintenance media and 100 µl of viruses from each dilution were 
added into each well. A total of 10 wells were used for each dilution factor. The 
microtiter plates were then incubated at 37˚C with 5% CO2 and monitored regularly for 
CPE. CPE was scored on the 10th day post infection (p.i.) for AD5 and 21st day p.i. for 
AD40 and 41. Maintenance media in all wells were renewed twice a week. The 
TCID50 was then determined using the Reed & Muench method (Reed & Muench, 
1938) as follows: 
 
                                                                                                                           (Eq. 3.1) 
 
 
                      Log TCID50 = 10log total dilution above 50% - (I x log h)                     (Eq. 3.2)   
where h = dilution factor 
 
Since each AD serotype was enumerated with three different cell lines, AD 
enumerated with each cell line was denoted as “AD serotype (Host cell)” from this 
point forth for easy interpretation. For example, AD5 (HEK293) refers to AD5 
enumerated with the HEK293 cell line. 
 
Index =
(% of wells infected at dilution above 50%) – 50% 
(% of wells infected at dilution next above 50%) – (% of wells 
infected at dilution below) 
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3.2.5 Data analyses 
AD inactivation kinetics were described using Chick’s law. UV dose response of AD 
were fitted according to the regression of log10 (No/N) = KIt, where No = initial 
concentration of virus, N = final concentration of virus after UV inactivation by a 
specified UV dose, K = inactivation rate (i.e. log inactivation per unit UV dose), I = 
average germicidal irradiance, t = UV exposure time. Based on the regression fit, the 
inactivation rate K was obtained for LP (KLP) and MPUV (KMP). At least three data 
points were used to obtain the average value, which was then used for the construction 
of each linear fit. UV dose requirements for 4-log inactivation of AD were tabulated 
using these K values. Statistical analyses were conducted using Microsoft Excel 
(Microsoft Office 2007) and the p values were tabulated at 95% confidence level.  
 
The effectiveness of LP and MP UV irradiation was compared in terms of their UV 
dose requirement using the LP/MP ratio. LP/MP ratio of an AD serotype was obtained 
using the LP UV dose divided by the corresponding MP UV dose required for 4-log 
inactivation. To evaluate the susceptibility of each of the different cell lines used for 
AD enumeration, the cell line variability factor was introduced for both LP UV (i.e. 
CLLP) and MP UV (i.e. CLMP) disinfection. This was done by dividing the inactivation 
rate K of AD enumerated with XP17BE, with that of AD enumerated with either 
HEK293 or PLC/PRF/5 cell lines (i.e. KXP/KHEK293 or KXP/KPLC/PRF/5). 
 
3.3 AD Repair 
 
3.3.1 Experimental approach 
A baseline study was firstly conducted to establish the effect of all 3 cell lines on AD5, 
40 and 41 without any UV disinfection. Cells were transferred to 96-wells plates as 
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elaborated in section 3.2.4 and the cells were infected with the virus after 1 day of 
incubation at 37 ˚ C in a 5% CO 2 incubator. Virus was diluted in 1 x PBS to achieve a 
final concentration of 106 pfu/ml and vortexed to ensure proper mixing. A hundred 
microlitres of virus was then transferred into each well to infect the cells. In total, 
infection of cells was conducted in sets of 5 wells for each cell line for a duration of 24 
and 48 hr. Uninfected virus (0 hr), virus subjected to infection for 24 hr and 48 hr were 
subjected to DNA extraction. Previous results have demonstrated that viral DNA 
replication was detected as early as 12 hr p.i. (Zhang & Imperiale, 2003). Sirikanchana 
et al. (2008) noted that DNA replication in cells infected with UV irradiated viruses 
occurred at a lower rate than unirradiated viruses, and eventually increased over time. 
DNA harvested 48 hr p.i. was 10 times higher than that obtained at 24 hr p.i. 
Therefore, for the baseline study without UV inactivation, virus DNA was extracted at 
0, 24, and 48 hr after post infection. DNA concentrations were measured and subjected 
to real-time PCR. This was to ascertain DNA concentrations following infection in the 
different cell lines under normal replication conditions. These experiments were 
conducted in triplicates and DNA concentrations were presented as average values, 
coupled with their respective standard deviations.  
 
In order to assess and compare repair capabilities by different cell lines, AD5, 40 and 
41 were then subjected to LP UV disinfection at 40 and 100 mJ/cm2 and MP UV 
disinfection at 20 and 60 mJ/cm2. The rationale for selecting a lower and a high dose 
was so as to compare the extents of repair of AD genome by the different cell lines 
following irradiation with low and high UV doses. UV irradiated viruses were then 
subjected to infection in the 96-well plate. A hundred microlitre of virus was added 
into each well for virus infection. A total of 5 wells were used for each virus per cell 
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line, per p.i. duration (i.e. 0, 24 and 48 hr infection). UV-irradiated viruses were 
subjected to infection for 0, 24 and 48 hr before DNA extraction. The 0th hr constituted 
to virus without infection into host cells and DNA was extracted directly. The DNA 
concentration and PCR products from the baseline study served as reference points to 
the amount of DNA concentration and PCR products which would be present under 
ordinary infection conditions (i.e. without UV irradiation). This was based on the 
principle that AD which was subjected to UV irradiation, when infected into different 
cell lines with different repair capabilities, would be repaired to different extents. 
These differences would hence be reflected in the amount of PCR products formed.  
 
3.3.2 Virus DNA extraction 
Virus DNA were extracted according to the protocol as stated in Qiagen DNeasy 
Blood & Tissue Handbook (Qiagen, Valencia, CA), with slight modification. Infected 
monolayers in 96-wells plates were scraped off the wells with a sterile scraper. 
Thereafter, the contents were transferred into sterile 2 ml microcentrifuge tubes for 
DNA extraction. Briefly, the 20 µl of proteinase K (20 mg/ml) and 200 µl of Buffer 
AL are added to the virus in a 2 ml microcentrifuge tube. The contents were mixed by 
vortexing and incubated at 56 ˚C for 30 mins. Two hundred microlitres of ethanol 
(96%) was then added to the sample and mixed thoroughly by vortexing. The lysed 
cells and viruses were then transferred into a DNeasy Mini spin column placed in a 2 
ml collection tube. Centrifugation was carried out at 8,000 rpm for 1 min. The flow-
through and 2 ml collection tube was discarded. The spin column was then placed in a 
new 2 ml collection tube and 500 µl of Buffer AW1 was added to the spin column. 
Centrifugation was carried out at 8,000 rpm for 1 min and the flow-through and 
collection tube discarded. The DNeasy mini was then placed in another new 2 ml 
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collection tube and 500 µl of Buffer AW2 added. The contents were centrifuged for 3 
mins at 14,000 rpm to dry the membrane in the spin column. The spin column was 
finally transferred to a new 2 ml microcentrifuge tube, and 50 µl of Buffer AE was 
added directly onto the DNeasy membrane. The membrane was incubated at room 
temperature for 1 min and a final centrifugation was carried out for 1 min at 8,000 rpm 
to elute the DNA from the membrane. DNA was checked using gel electrophoresis 
(Bio-rad, CA, USA) with 1% agarose gel stained with etidium bromide.  
 
3.3.3 Evaluation of AD repair by different host cells 
3.3.3.1 Measurement of DNA concentration 
 
The DNA concentration was measured using the Nanodrop® Spectrophotometer 
(Thermo Scientific, NanoDropTM ND-1000, DE, USA), which was operated using the 
program (ND-1000 v.3.5.2) provided by the supplier. Concentrations of nucleic acids 
were measured by selecting the ‘nucleic acid’ tab. The instrument was first blanked by 
dispensing a 1 µl droplet of sdH2O onto the pedestal. The arm of the instrument was 
then closed and blanking was carried out by selecting the ‘blank’ tab in the program. 
The pedestal then automatically adjusted for an optimal path length (0.05 mm – 1 mm) 
and the instrument was zeroed. The arm was then be lifted and the sdH2O wiped away 
using Kimwipes (Kimberly-Clark, Texas, USA). One µl of sample was then loaded 
onto the pedestal and the arm closed. By clicking on ‘measure’, the pedestal was 
automatically adjusted again to obtain a suitable pathlength and the measurement was 
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3.3.3.2 Real-time PCR  
PCR was used to determine DNA damage levels based on the fact that the progression 
of the polymerases to amplify DNA damaged by UV was inhibited during the PCR 
process. PCR had been used previously to investigate DNA damage (van Houten et al. 
2000). When dimmers are formed during UV disinfection, PCR may not be able to 
proceed as per normal. Equal amounts of DNA from samples containing different 
amounts of DNA damage may therefore be represented by the amounts of PCR 
products yielded, and DNA with less damage by UV will undergo greater 
amplification (Escheid et al. 2009).  Therefore, the amount of PCR yield and hence, 
the fluorescent signal from real-time PCR can be used as a measure of the amount of 
damage inflicted on AD during UV inactivation.  
 
AD specific primers for the hexon and fiber region (Table 3-1) were used for real-time 
PCR detection and quantification of AD before and following UV inactivation. 
Primers targeting at AD5 and AD 40/AD41 were specific primers targeting at AD 
species C and AD species F, respectively. Real-time PCR was performed using iQ 
SYBR Green supermix (Bio-rad, CA, USA) and with a fixed concentration (40 ng) of 
AD DNA as template in a total of 50 μl of buffer. PCR was prepared in a mastermix of 
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The PCR comprised of an initial denaturation at 95 ˚C for 5 mins, followed by 30 
cycles of: 95 ˚ C for 2 mins, 54 ˚C for 3 mins, and 72 ˚C for 5 mins.  A final extension 
was carried out at 72 ˚C for 5 mins. Standard curves used were viral DNA for each cell 
line at 0, 24 and 48 hrs extracted from the baseline study. These were diluted 1, 10, 
100 and 1,000 times.  
 
3.4 Hybrid Coagulation-MF/UF Filtration 
3.4.1 Synthetic water matrix 
The synthetic water matrix was prepared using Milli-Q water (Millipore, MA, USA) 
with 0.3 mM of NaHCO3 as alkalinity for floc formation. pH of the synthetic water 
matrix was adjusted to pH6, 7 and 8 with NaOH and/or HCl prior to coagulation to 
simulate actual water matrix pH conditions. The synthetic water matrix was spiked 
with 107 – 108 pfu/ml of MS2 bacteriophage. To further ascertain the effect of the 
presence of turbidity on coagulation-MF/UF and subsequent UV disinfection, 
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Formazin was spiked into the synthetic water matrix to achieve a turbidity of 1 and 5 
NTU in the subsequent study using the optimized coagulant dosage for MF and UF 
filtration. Formazin was prepared using pure hydrazine sulfate (Sigma Aldrich, St. 
Louis, MO, USA) and pure hexamethylenetetramine (Sigma Aldrich, St. Louis, MO, 
USA) according to the Standard methods for the examination of water and wastewater 
(1998). The final turbidity of the synthetic water matrix was measured using the Hach 
standard laboratory turbidity meter (Hach 2100N, CO, USA). 
 
3.4.2 Bench-scale coagulation-MF/UF filtration 
3.4.2.1 Jar Test 
 
Coagulation-flocculation was conducted using a jar test apparatus (Phipps & Bird PB-
700TM, VA, USA) at pH6, 7 and 8 with alum Al2(SO4)3·18H2O (Sigma Aldrich, MO, 
USA). For the optimization stages, alum doses of 1, 2, 3, and 5 mg Al3+/L (prior to 
MF), and 1 and 5 mg Al3+/L (prior to UF) were used. Stock solution of alum (1000 mg 
Al3+/L) was prepared and stored for future use during coagulation. Coagulant was 
added directly into the synthetic water matrix from the original stock solution to 
achieve the required coagulant concentration. Coagulation was first carried out under 
rapid mixing at 140 rpm for 3 mins, followed by flocculation with gentle mixing at 40 
rpm for 20 mins. During the coagulation-flocculation process, pH was constantly 
monitored and maintained at the pre-specified pH level ± 0.3. Following coagulation-
floculation, a 30 mins settling period was introduced. Thereafter, the supernatant MS2 
concentration was obtained as a measure of the efficiency of MS2 adsorption onto the 
hydroxyl flocs. The settled flocs were then resuspended by mixing at 50 rpm for 3 
mins prior to MF/UF filtration. Essentially, the entire upstream system was to simulate 
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direct filtration, which is common practice for MF (without sedimentation) (Zhu et al. 
2005) and for low turbidity waters.  
 
3.4.2.2 Stirred cell filtration 
 
Resuspended flocs were transferred into a Millipore stirred cell system (Millipore, MA, 
USA) coupled with an external reservoir for dead-end filtration. The filtration setup is 
shown in Figure 3-1. Membranes used were 0.22 µm PVDF MF (Millipore, MA, USA) 
and 100 kDa PES UF membrane (Millipore Biomax-100, MA, USA). Comparative 
tests were also conducted on uncoagulated MS2 virus in the synthetic water matrix and 
filtered with both MF and UF membranes. Filtration was conducted under 
continuously stirred conditions (100 rpm) at a constant applied pressure of 8 psi (for 
MF) and 10 psi (for UF), which were provided by gas pressurization. Filtered permeate 









Figure 3-1  Stirred cell filtration setup (Millipore, MA, USA) 
 
LP UV irradiation of the MF and UF permeate were carried out immediately on the 
same day of coagulation-MF/UF filtration. To further ascertain the effect of turbidity 
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on virus removal using coagulation-MF/UF-UV disinfection, the experiment was 
conducted with turbidity of 1 and 5 NTU Formazin spiked into the synthetic water 
matrix at pH8. Coagulated flocs (without MF/UF) were also directly exposed to UV 
under the following conditions: 
(i) 1 NTU + 1 mg Al3+/L 
(ii) 5 NTU + 1 mg Al3+/L 
(iii) 1 NTU + 5 mg Al3+/L 
(iv) 5 NTU + 5 mg Al3+/L 
 
3.4.3 Semi-continuous coagulation-MF filtration 
Following the batch experiments conducted for the optimization of coagulation-
MF/UF, a further study was conducted using a semi-continuous coagulation-MF 
system as a challenge to MF filtration using optimized coagulation-flocculation 
conditions as determined using the batch study. The coagulation-MF system was set up 
according to the schematic as shown in Figure 3-2, with a 0.2 µm hollow fibre PVDF 
MF membrane (Motimo MOF1616, Tianjin, China). Membrane properties are 
summarized in Table 3-2.  






























Figure 3-2  Schematic of semi-continuous coagulation-MF filtration system 
 
In order to test the effect of backwashing on virus removal, the membrane module was 
reconfigured to contain 20 hollow fibres. This purpose was to allow a relatively 
prompt build up in cake layer and hence fouling so that a few cycles of backwash 
could be performed in this laboratory setting. Further, no settling was incorporated in 
this semi-continuous system so as to simulate direct coagulation-MF filtration for low 
turbidity waters and also to represent the common case scenario for MF, where no 
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Table 3-2  Properties of Hollow fibre membrane (according to manufacturer’s 
specifications) 
 
Membrane module properties 
Pore size 0.2-µm 
Membrane type Hollow fibre 
Membrane material PVDF 
Effective surface area  0.08 m2 
Material PVDF 
Internal diameter 0.7 mm 
Outer diameter 1.2 mm 
Maximum flux 121 mL/min 
Maximum transmembrane pressure 0.15MPa (21.8psi)                      
Backwash pressure range 0.03 – 0.05 MPa 
Backwash duration 20 – 60 sec 
 
 
Membrane filtration was carried out at 12 psi operating pressure with and operating 
flux of 78 LMH. Synthetic water matrix (Section 3.4.1) with virus was prepared in a 
feed tank. Pumps for coagulation-MF filtration setup were automated and programmed 
to commence and stop operation in a sequential mode. The water was first pumped into 
the coagulation tank where alum was pumped in directly before the stirrer was started 
for coagulation to take place. pH was monitored continuously during the entire 
coagulation-flocculation process. Membrane backwash was conducted after each 5 hr 
filtration. Backwashing was done with the MF ultrapure water for 60 sec at a backwash 
pressure of 6 psi (0.04 MPa) and backwash flux of 45 LMH. The filtered permeate was 
collected at specified time intervals, in particularly, at the start of filtration and just 
before and after backwashing for DAL enumeration (Section 3.4.4) and UV 
disinfection.  
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3.4.4 Bacteriophage MS2 propagation and enumeration 
MS2 (ATCC 15597-B1) bacteriophage was propagated using E. coli (Migula) (ATCC 
15597). Overnight cultures (18-20 hrs) of E. coli host cells were transferred to 30ml of 
fresh tryptic soy broth (TSB) (Difco, Detroit, Mich.) and incubated for 4 hrs (log 
phase) in an orbital shaker at 37 ˚C, 200 rpm. One ml stock culture of bacteriophages 
were then added to the TSB and incubated overnight at 37˚C, 200 rpm. The host cells 
and bacteriophage culture were then centrifuged at 3,400 rpm for 25 mins (Eppendorf 
Centrifuge 5810, Germany) and the liquid fraction, passed through a 0.04 µm PES 
sterile filter (Nalgene, Rochester, USA). The filtrate which contains the MS2 
bacteriophage was stored at 4 ˚C for coagulation -MF/UF-UV or UV disinfection 
studies. MS2 was stored for a maximum of 3 days at 4 ˚C.  
 
Enumeration of bacteriophages was done in duplicates using the double agar layer 
(DAL) technique (USEPA, 2001). Briefly, the bacteriophages were serially diluted in 
0.9% NaCl to the required dilution ratio, and 100 µl of log phase bacteria together with 
500 µl of diluted bacteriophage was inoculated into 2.5 ml of molten top agar (0.7 % 
Tryptic soy agar (TSA)). After gently mixing the bacteriophage-bacteria solution, the 
top agar was poured onto solidified bottom TSA (1.5% agar; Difco) contained in Petri 
dishes. Incubation was carried out for 16 to 20 hrs at 37 ˚C. Results of plaques were 
enumerated and averaged. 
 
3.4.5 Virus viability test 
To establish the mechanisms for virus removal, virus viability under the following 
conditions (i) pH6, 7, 8 without coagulant addition and (ii) coagulant doses (1, 5 and 
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10 mg Al3+/L) at pH8 were studied. pH adjustment was done with either NaOH and/or 
HCl. 
 
3.4.5.1 pH effect  
 
To ascertain whether MS2 inactivation was brought about by the different pH 
conditions tested during coagulation, an independent test was conducted in the absence 
of coagulants. Synthetic feed water was prepared as previously described but without 
any pH adjustment. Three jars were filled with 1 L aliquots of feed water with MS2 
concentrations of approximately 107 pfu/ml (final concentration). Thereafter, pH of the 
feed water in the three jars were adjusted to pH6, 7 and 8, respectively. Continuous 
stirring was done at 40 rpm over a duration of 2 hrs and the pH was monitored 
periodically to ensure that the respective pH in each jar was maintained. MS2 
enumeration was conducted at t = 0, 30, 60, 90 and 120 mins.  
 
3.4.5.2 Coagulant dose effect  
The effect of coagulant dose was evaluated by conducting four parallel jar tests at 
coagulant doses of 1, 5, and 10 mg Al3+/L and a control without any coagulant addition. 
The feed water in the four jars were stirred continuously at 40 rpm for a duration of 4 
hrs. pH was maintained at 8.0 throughout the test to avoid any effect arising from pH 
fluctuation. MS2 enumeration was performed using the DAL assay at t = 0, 2 and 4 hr. 
 
3.4.6 Scanning Electron Microscopy (SEM) 
Membranes were soaked in sdH2O after each experiment and air dried at ambient 
temperature in a dessicator. An auto fine gold coater (JEOL JFC-1600, Tokyo, Japan) 
was used to coat the membrane with gold to provide for a conductive surface prior to 
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SEM analysis. FE-SEM (JEOL JSM6701F, Tokyo, Japan) was then used to visualize 
the morphology of the membrane surface and the cake layer formed during filtration.   
 
3.4.7 Sampling and statistical analyses 
DAL enumeration was conducted at various intermediary stages along the integrated 
coagulation-flocculation-MF/UF filtration and UV disinfection process. This was done 
to track the MS2 concentration along the integrated process. These include (i) Initial 
(i.e. synthetic water matrix), (ii) after 3 mins coagulation; (iii) after 20 mins 
flocculation; (iv) after 30 mins settling; (v) after resuspension at 50 rpm (vi) After 
filtration. After filtration, permeate was collected directly after filtering specified 
volumes of source waters. Permeate was collected after filtering 100, 200, 400 and 
1000 ml of feed for MF, and 1, 2, and 4 L for UF. Excess permeate was collected at 
100 ml and 1000 ml for MF, and 1 L and 4 L for UF for UV disinfection. For the 
continuous study, samples were collected from (i) feed tank, (ii) after coagulation, (iii) 
after flocculation, (iv) in the membrane tank and (v) MF permeate. 
 
The plaques were quantified in terms of pfu/ml and the log reduction value of 
bacteriophages were tabulated as  
                    Lrv = )(log ItK
N
NO −=                                          Eqn (3.3) 
Inactivation rate K was derived based on the Chick Watson model (Chick, 1908), 
where NO represents the initial plaque count (pfu/ml) and N, the plaque count (pfu/ml) 
after t seconds of UV irradiation. (
N
No ) is dimensionless. “It” is the UV dose (mJ/cm2) 
= Intensity x time (i.e. Intensity (mW/cm2) times exposure time (s)). At least three data 
points on the UV response curve were used for computing the k inactivation rate. 
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Using the slope obtained from linear regression analysis, the UV doses required for 
4log AD inactivation were calculated. Batch experiments were conducted in triplicates 
and continuous experiments in duplicates. Their average values were used for 
comparison. Statistical analyses were conducted using the Microsoft Excel (Microsoft 
Office 2007).  
 
3.5 UV Disinfection  
3.5.1 Collimated beam setup 
LP and MP UV irradiations were performed using a collimated beam setup (Calgon 
carbon corporation, USA). The monochromatic 10 W LP mercury lamp emitted light 
at UV253.7 nm and the polychromatic 1000 W MP lamp, in the wavelength range of 
200-400 nm. The UV lamp was enclosed in a black containment from which a black 
coloured collimated beam was attached (Figure 3.3). These compartments were black 
anodised to minimize any internal scattering. Compressed air was used to 
pneumatically operate the shutter to control the UV irradiation time. Incident UV 
irradiance was measured using a radiometer (International light IL1400A, 
Massachusetts, USA) and a SED240 detector calibrated to 254 nm, according to the 
National Institute of Standards and Technology (NIST). Incident irradiance at the 
centre of the Petri dish for LP and MP were measured to be approximately 43 mW/cm2 
and 135 mW/cm2, respectively.  




Figure 3-3  Collimated beam UV disinfection system  
 
For LP UV, the Petri factor, reflection factor (0.975), water factor (0.687) and 
divergence factors (0.993) were applied to the incident irradiance to obtain the average 
germicidal irradiance. LP UV dose was computed using the product of the average 
germicidal irradiance and exposure time (Bolton & Linden, 2003). To obtain the 
average germicidal MP UV irradiance, two additional factors were applied. Because 
the detector was calibrated to 254 nm, a sensor factor (1.206) was applied to correct for 
the variation in the detector sensitivity to different wavelengths of the MP UV 
emission spectrum. The germicidal factor was also applied by taking into consideration 
the relative DNA absorbance efficiency across the MP UV emission spectrum. Only 
the weighted MP UV dose was considered in this study.  
 
3.5.2 UV irradiation procedures 
3.5.2.1 UV irradiation for AD 
Stock cultures of AD5, 40 and 41 were diluted in 1 x PBS solution prior to UV 
disinfection. The monochromatic and polychromatic absorbances of the virus solution 
were measured using a UV-Vis spectrophotometer (Shimadzu UV-1700, Japan) for LP 
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and MP UV irradiation, respectively. Absorbance values were then utilized to obtain 
the UV irradiation time required for each specified UV dose. LP UV irradiation was 
conducted at 0, 40, 80, and 120 mJ/cm2, and MP UV at 20, 40, 60, 80 mJ/cm2. Ten ml 
of virus suspension (Initial virus titer No = (2.4 ± 3.1) x 106 pfu/ml) were irradiated in 
60 mm x 15 mm sterile polystyrene Petri dishes while being subjected to continuous 
stirring at 250 rpm with a magnetic stirrer. During UV irradiation, the virus solution 
was covered with a quartz cover. The absorbance due to the quartz cover was already 
accounted for by measuring Petri factors beneath the quartz cover. Concurrently, 10 ml 
of the same virus suspension, subjected to the same stirring conditions but without UV 
light exposure, was used as a control. UV irradiated viruses and their controls were 
then enumerated. All UV irradiation experiments were performed in triplicates. 
 
3.5.2.2 UV irradiation for filtered samples 
 
To simulate UV disinfection following hybrid coagulation-MF/UF filtration, direct LP 
UV disinfection was conducted on MF/UF filtered permeate and coagulated MS2 flocs 
without the implementation of an intermediary MF/UF step. LP UV doses in the range 
of 0 to 20 mJ/cm2 were rendered to obtain the UV dose response curve and to establish 
the K value for MS2 in the filtered permeate. MS2 was then enumerated using the 
DAL assay (Section 3.4.4).  
 
3.6 Evaluation of Surrogates 
3.6.1 Surrogates for UV disinfection 
The structure of this section is such that the focus is placed solely on a surrogate for 
enteric viruses for UV disinfection purposes, and will later be expanded to the entire 
hybrid coagulation-MF/UF-UV disinfection process. The UV dose requirements for 
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Cryptosporidium, Giardia and virus stated in the UVDGM (USEPA, 2006c) has made 
MS2 a highly conservative surrogate for both protozoa and most viral pathogens 
during UV reactor validation. Therefore, MS2 will also be included and evaluated 
together with other surrogates in this dissertation. Surrogates for enteric virus 
evaluated here will include both biological and non-biological surrogates.  
 
3.6.1.1 Biological Surrogates 
 
A series of common bacteriophages are tested and their UV dose obtained for 
comparison with that of AD. These include bacteriophages of various nature and 
nucleic acid make-up such as PRD1, ΦX174, Qβ and MS2 bacteriophages (Table 3-3).  
 
Table 3-3  Bacteriophages used as biological surrogates during UV disinfection 
Bacteriophage Size (nm) Nucleic acid Properties 
PRD1 60 dsDNA Lipid-containing 
ΦX174 26-32 ssDNA Icosahedral, non-
enveloped 
Qβ 25 ssRNA  
MS2 25 ssRNA Icosahedral, non-
enveloped 
 
Double stranded DNA phage (dsDNA) PRD1 (somatic coliphage), ssDNA ΦX174 
(somatic coliphage), ssRNA Qβ and ssRNA MS2 (F-specific coliphage) were 
evaluated in this study. PRD1 (ATCC BAA-769-B1), ΦX174 (ATCC 13706-B1), Qβ 
(ATCC 23631-B1) and MS2 (ATCC 15597-B1) bacteriophages were propagated using 
E. coli (ATCC BAA-769), E. coli (Migula) (ATCC 13706), E. coli (ATCC 23631) and 
E. coli (Migula) (ATCC 15597), respectively. Propagation and enumeration were 
similar to that of MS2 bacteriophage as described in Section 3.4.4, except that the host 
cells were different for the various bacteriophages.  
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Further to the evaluation of various surrogates, additional strategies were adopted. It 
has been known that MS2 is one of the most resistant bacteriophages that are also easy 
to enumerate. Additionally, it is a known fact that the presence of colloids in water 
matrices decreases UV disinfection efficiency, making the target microorganism less 
easy to inactivate (or otherwise, more resistant to UV disinfection). By exploiting this 
principle, MS2 could still be maintained as a suitable surrogate. UV disinfection of 
MS2 under the following conditions were investigated and compared:  
(i) MS2 alone 
(ii) MS2 in the presence of colloidal particles  
(iii) MS2 in the presence of UV absorbing compounds 
The addition of artificial Boosters such as colloidal particles or UV-absorbing 
compounds serve to decrease MS2 inactivation for a given UV dose, and hence 
arbitrarily ‘increasing’ MS2 resistance to UV disinfection. In this study, colloidal 
Boosters included Formazin and Silica Gel (SG), and UV absorbing compounds 
included humic acid and coffee. The nominal particle sizes of Formazin and SG were 
1-5 µm and 37-63 µm respectively. Humic acid and coffee was quantified in terms of 
Total Organic Carbon (TOC). The effect of using both colloids and UV-absorbing 
compounds as Boosters on MS2 dose response was studied systematically, and thereby 
compared with AD inactivation rate. 
 
Stock concentrations of Formazin were prepared as specified by the manufacturer. SG 
stock was prepared in ultrapure water. Turbidity measurements were done using a 
laboratory turbiditimeter (Hach Turbiditimeter N2100, CO, USA). TOC of HA and 
coffee stock solutions were measured using a TOC analyzer (Shimadzu TOC-500, MD, 
US). The absorbances of the UV absorbing compounds at 254 nm were measured 
CHAPTER 3  MATERIALS AND METHODS 
94 
 
using Shimadzu UV spectrophotometer (Shimadzu UV-1700, Japan). Colloidal 
Boosters were dosed in the turbidity range of 5-50 NTU (i.e. in the mixed solution in 
the presence of both colloids and MS2), and Humic acid (Sigma Aldrich, St. Louis, 
MO, USA) TOC ranged from 10 – 55 ppm or 30 – 141 ppm TOC for coffee.  
 
MS2, together with the relevant Boosters were dissolved in sterile distilled water (10 
ml final volume) for the collimated beam study as described in Section 3.5.2. The 
plaques were quantified in terms of pfu/ml and the log reduction of bacteriophages 
were tabulated as shown previously in Section 3.4.7. 
 
           
3.6.1.2 Nonbiological Surrogates 
Fluorescent dyes and one type of polystyrene microsphere were evaluated as 
surrogates to AD during LP and MP UV disinfection. This was based on the principle 
of photobleaching, which was described as a dynamic process in which fluorescent 
molecules undergo photo-induced chemical destruction upon exposure to excitation 
light and thus lose their ability to fluoresce (Song et al. 1995). Such a property was 
exploited as an AD surrogate by correlating AD inactivation rate with the extent of 
photobleaching. Because the adsorption wavelength and spectrum were 254 nm for LP 
UV, and 200-300 nm for MP UV, dyes with excitation maximum coinciding with the 
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acetyl)amino)he (i.e. AMCA) 
349 448 
AlexaFluor350 353 442 
Dansyl chloride 340 578 
GelGreen 275 390 
F-8781 Microspheres 365 415 
Sypro ruby 302, 470 610 
 
Dansyl chloride and sypro ruby was obtained from Aldrich (Sigma Aldrich, St. Louis, 
MO, USA), AMCA and AlexaFluor350 were obtained from Invitrogen (Invitrogen, 
CA, USA). During the initial phase of LP and MP UV inactivation, these fluorochrome 
molecules were not chemically bound to any targets of interest (e.g. DNA, RNA, 
protein). This was with the exception of the F-8781 fluorescent microspheres (0.02 
µm) which were commercially available from Invitrogen (Invitrogen, CA, USA). 
 
Concentrations of fluorescent dyes and microspheres were varied and UV irradiations 
were carried out at LP UV doses of 0 – 120 mJ/cm2 and MP UV doses of 0 – 80 
mJ/cm2, which were within the practical ranges of UV doses used in this study. The 
rate of photobleaching was subsequently corresponded to the AD UV dose response 
curve. Thereafter, suitable dyes for representative of AD were further used for 
conjugation with bacteriophage MS2 and as a surrogate for the integrated coagulation-
MF/UF-UV disinfection study.  
 
3.6.2 Surrogates for integrated coagulation-MF/UF-UV system 
In the development of the surrogate for the hybrid coagulation-MF/UF-UV system, 
consideration was put into the fact that MS2 has still been classified as a suitable and 
acceptable surrogate for enteric viruses in upstream MF/UF filtration processes.  
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3.6.2.1 Conjugation of fluorescent dyes to MS2 bacteriophage 
 
The dye selection used for the conjugation of MS2 was based on results from Section 
3.6.1.2. MS2 comprises of a protein capsid but no lipid coating. Labeling of MS2 was 
carried out by derivatizing the high reactivity of the amine group on the L-lysine 
amino acid of MS2 (Banks & Paquette, 1995). This method has been well-received, 
and was also subsequently used in other studies to conjugate fluorescent dyes to MS2 
(Gitis et al. 2002a; 2002b; 2006), which were then used as surrogates. Briefly, 2 ml of 
MS2 bacteriophage at a concentration of 1011 pfu/ml was mixed with 0.1 M borate 
buffer pH9.2, fluorescent dyes at varying concentrations (0.01 – 0.05 g), and 5 ml of 
N, N-Dymethylformamide (DMF). The contents were stirred overnight at 4˚C to allow 
for the dye to be conjugated to MS2 bacteriophage. Thereafter, the dye-conjugated 
bacteriphages were purified by membrane dialysis. These were conducted in the 
absence of light. Purification of MS2 was carried out for 3 – 5 days using a dialysis 
tubing (Pierce Biotechnology Inc., Illinois, USA) against 1 x PBS. Dialysis solution 
was monitored periodically for fluorescent intensity using the fluorescent spectrometer 
as described in Section 3.6.3. Leak-free dye-conjugated bacteriophages were attained 
when the fluorescent intensity of the dialysis solution was < 20 fluorescent units. Dye-
conjugated MS2 were then stored in the dark at 4 ˚C for future use.  Fluorescent 
intensities of dye-conjugated MS2 were monitored before usage to ensure that the 
integrity of the conjugated MS2 was not compromised during the storage period.  
 
3.6.2.2 Use of dye conjugated-MS2 for integrated coagulation-MF/UF-UV system 
 
Dye-conjugated MS2 was subjected to hybrid coagulation-MF/UF-UV disinfection 
using the optimized conditions for virus removal as evaluated in Section 3.3. Instead of 
MS2 enumeration using DAL following each process of the hybrid system, MS2 
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removal by the hybrid process was quantified via fluorescence measurement as 
detailed in Section 3.6.3.   
 
3.6.3 Evaluation of Conjugated-MS2 
Fluorescent intensities of fluorescent dyes, conjugated bacteriophages and dialysis 
solution were monitored using a fluorescent spectrometer (Perkin Elmer LS55, 
Massachusetts, USA). The sample solution (2.5 ml) was placed into 1 cm optical path 
length cuvette and measured using the wavelength scan program. Excitation and 
emission spectrum were obtained by fixing the emission maxima and the excitation 
maxima of the relevant dyes (Table 3-4), respectively.  
 
Zeta potential and particle sizes of the conjugated bacteriophages were measured using 
the ZetaPALS (Zeta potential utilizing phase analysis light scattering) zeta potential 
analyzer (Brookhaven Instruments Corp., NY, USA).  The zeta potential analyzer 
measures the electrophoretic mobility of the cells, which were then converted to the 
zeta potential (expressed in mV) using the Smoluchowski equation. Electrolytes were 
classified according to the charge on the ions and hence, a 10 mM phosphate solution 
acts as a 1:2 electrolyte. The double layer thickness corresponding to a 1:2 electrolyte 
with a 10 mM concentration is estimated to be 5.55 nm (ZetaPlus operational manual). 
The Smoluchowski equation was hence chosen as the condition of the experiment 
corresponded to the requirements for the Smoluchowski equation which acts as a 
relatively accurate model for conditions with ka>>1, where “k” is the inverse of the 
double layer thickness and “a” is the radius of the kinetic unit. 
 
CHAPTER 3  MATERIALS AND METHODS 
98 
 
Dye-labeled bacteriophages were vortex for eight 15 sec intervals to ensure that the 
cells were sufficiently dispersed. A small volume of the cells was diluted in 10mM of 
phosphate buffer (pH7.2). The contents were then transferred into a disposable cuvette 
and an electrode, inserted into the cuvette. The pH was measured as a reconfirmation 
step as the pH will affect the zeta potential value. The cuvette was then placed into the 
holder and left for a short period of time to attain thermal equilibrium between the 
environment within the machine (set at 25 oC) and that of the liquid suspension to be 
tested. The test was repeated for 10 runs, stopped for a short period after every 5th run 
for each sample. This is to avoid the over-heating of the sample, which can 
significantly increase the value for the electrophoretic mobility. ZetaPALS then 
automatically converts the electrophoretic mobility into Zeta potential. Measurements 
were done in triplicates, with 5 runs for each replicate. These results were then 
averaged to obtain the effective diameter.  
 
 




CHAPTER 4 UV DISINFECTION OF AD AND THE EFFECT 





UV disinfection has emerged to be an established alternative to chlorination for the 
inactivation of most waterborne pathogens. However, studies have revealed that AD is 
highly resistant to LP UV inactivation. Its resistance has been attributed to the 
complicated virus capsid structure, its dsDNA and its ability to be repaired by host 
cells’ repair enzymes upon infection following UV-induced damage to the viral 
genome. Despite the many studies which have been conducted on LP UV inactivation 
of AD, disparities in LP UV dose requirements have been observed, even for the same 
AD serotype. LP UV doses in the range of 122 – 222 mJ/cm2 were observed to be 
required for 4log inactivation of AD. A definitive UV dose requirement for the 
different AD serotypes could not be established because of various inevitable 
conditions attributable to a combination of UV irradiation procedures, water matrix, 
cell line or virus propagation/culturing procedures etc. To date, some studies have 
demonstrated that water matrix may not be a contributing factor yet other factors have 
not been studied under ceteris paribus conditions. Because the choice of host cell and 
virus propagation/culturing procedures affect the inherent properties of AD, this 
chapter henceforth investigates the effect of different host cells on the susceptibility of 
AD to UV inactivation. Two host cells capable of NER, and one which is known to 
display UV induced unscheduled DNA synthesis at 30-60% of normal cell were used 
to enumerate AD5, 40 and 41. Further, because of the lack of studies on MP UV 
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inactivation of AD, results of MP UV were also presented. Experimental conditions 
were kept constant so as to ascertain the effects due primarily to the use of different 
host cells.  
  
4.2 LP and MP UV inactivation of AD5, 40 and 41 
Prior to UV irradiation, the average germicidal irradiance (mW/cm2) for LP and MP 
UV, and absorbances of each AD were measured and results are as summarized in 
Table 4-1. After accounting for the various factors as stated in Chapter 3.5.1, the 
average germicidal irradiances for LP and MP were in the range of 0.033 – 0.035 
mW/cm2 and 0.064 – 0.079 mW/cm2, respectively.  
 
Table 4-1  UV absorbances and average germicidal irradiance 
 





LP UV AD5 0.033 0.198 – 0.206 
 AD40 0.036 0.241 – 0.268 
 AD41 0.033 0.252 – 0.264 
MP UV AD5 0.073 0.190 – 0.202 
 AD40 0.079 0.220 – 0.249 
 AD41 0.064 0.252 – 0.268 
 
LP and full spectrum MP UV irradiations were performed for AD5, 40 and 41 and 
enumeration was done with TCID50 assay to obtain results summarized in Figure 4-1. 
Because the initial concentrations of AD were fixed at ~ 106 pfu/ml, at least 5log AD 
inactivation could be scored using the TCID50 assay following UV inactivation. 
Overall, LP UV dose of 120 mJ/cm2 only resulted in 3.3, 3.7 and 2.5log inactivation of 
AD5, 40 and 41, respectively when HEK293 was used as the host cell for AD 
enumeration following UV disinfection. When PLC/PRF/5 was used, the 
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corresponding level of inactivation was at 4 and 3.6log for AD5 and 40 (Figure 4-1a). 
CPE could not be scored for AD41 (PLC/PRF/5) at a LP UV dose of 120 mJ/cm2. By 
comparing the resistances of different AD serotypes with HEK293 as host cells, AD41 
appeared to be the most resistant as compared to AD5 and 40. The same was observed 




Figure 4-1  (a) LP and (b) MP UV dose responses of AD5, 40 and 41 
 
Based on Figure 4-1a, AD enumerated with HEK293 was generally portrayed to be 
more resistant than that enumerated by PLC/PRF/5. This was based on the evidence 
that an overall higher LP UV dose was required for a given log inactivation of AD 
enumerated with HEK293 as compared to PLC/PRF/5. The graphical representation 
clearly shows that the LP UV dose requirement for 4log inactivation was higher when 
HEK293 rather than PLC/PRF/5 cells were utilized for enumeration. Results for AD40 
(a) 
(b) 
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(XP17BE) were not presented because of the inability to score any CPE for AD40 
when XP17BE was subjected to AD40 infection. Inoculated cell cultures were 
observed to deteriorate before the appearance of distinctive CPE as evidence of 
infectivity for AD40, when XP17BE cells were used. This phenomenon was not 
unanticipated for enteric AD40, which could infect cells without demonstrating any 
CPE. The choice of cell line used for enumeration was therefore an important aspect 
during AD enumeration, particularly for enteric AD. 
 
With repair-deficient host cell (XP17BE), LP and MP UV results were distinctively 
different from that with HEK293 and PLC/PRF/5 cell lines (p values < 0.05). AD5 and 
AD41 enumerated with XP17BE cells posed to be the most susceptible to LP and MP 
UV irradiation. With LP UV doses of < 60 mJ/cm2, 4log inactivation of AD5 and 
AD41 could be attained: AD5 (XP17BE) and AD41 (XP17BE) requiring LP UV doses 
of 52 and 57 mJ/cm2, respectively.  
 
With MP UV irradiation, at least 4log inactivation of AD40 and 41 was possible with 
MP UV dose of 80 mJ/cm2 irregardless of the host cell used for enumeration purposes 
(Figure 4-1b). However, MP UV dose of 80 mJ/cm2 only resulted in 3.7 and 3.6log 
inactivation of AD5 (HEK293) and AD5 (PLC/PRF/5), respectively. AD5 inactivation 
of > 4log was only possible at an MP UV dose of 100 mJ/cm2. With MP UV 
inactivation, the effect of the type of host cells (HEK293 and PLC/PRF/5) used for 
enumeration did not appear to be as significant as that for LP UV. However, similar to 
LP UV disinfection, AD enumerated with XP17BE was more susceptible to MP UV 
than when enumerated with HEK293 and PLC/PRF/5  (p values < 0.05). With repair-
CHAPTER 4  EFFECT OF HOST CELLS ON AD (CELLULAR) 
103 
 
deficient XP17BE cells, 40 mJ/cm2 of MP UV dose resulted in 4.2 and 3.9log 
inactivation of AD5 and AD41, respectively.  
 
Based on linear regression, the inactivation rate K was obtained and LP and MP UV 
dose requirements for 4log AD inactivation with different host cells are tabulated and 
summarized in Figure 4-2. Results indicated that LP UV dose requirements for 4log 
AD inactivation was comparable to that stated in other literature when the effect of the 
different host cells was not considered (Baxter et al. 2007; Linden et al. 2007; Meng & 
Gerba, 1996; Nwachuku et al. 2005; Thurston-Enriquez et al. 2003). However, by 
observation of CPE in different cell lines following UV inactivation, UV dose 
response of each AD serotype was different with different host cells. For example, 
AD5 enumerated with HEK293, PLC/PRF/5 and XP17BE provided different LP and 
MP UV dose requirement for the achievement of 4log inactivation (Figure 4-2). This 
was likewise for AD40 and AD41, except that the difference posed by HEK293 and 
PLC/PRF/5 for AD40 was not as significant as that for AD5 and AD41. 
.        
Figure 4-2  LP and MP UV dose requirement for 4log inactivation of AD5, 40  
and 41.  
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For AD40, the types of cell line appeared to have minor effects on AD susceptibility, 
with AD40 (HEK293) and AD40 (PLC/PRF/5) UV dose requirement of 139 and 134 
mJ/cm2, respectively for 4log inactivation. It appeared that the UV dose requirement 
for AD40 was not highly affected by cell lines when either HEK293 or PLC/PRF/5 
was used. However, on the whole, visual inspection of cells for CPE was more easily 
distinguished with AD5 (HEK293) than other AD (cell line) combinations. AD5 
growth with HEK293 cells appeared as clear and distinct CPE through visual 
inspection whereas CPE for the enteric AD were slow to appear and harder to 
distinguish.  
 
The first-order inactivation rates K for AD using both LP (KLP) and MP (KMP), and 
their corresponding R2 values are summarized in Table 4-2. Results on LP UV 
inactivation of AD5, 40 and 41 were relatively comparable to only some of those 
obtained from previous studies (Baxter et al. 2007; Ko et al. 2005; Linden et al. 2007; 
Meng & Gerba, 1996). With PLC/PRF/5 as the host cell for AD41 enumeration, LP 
UV dose requirements were < 137 mJ/cm2 (this study, Meng & Gerba, 1996). A higher 
LP UV dose requirement was observed for AD41 (HEK293) (182 mJ/cm2) in 
comparison to AD41 (PLC/PRF/5). Ko et al. (2005) reported a LP UV dose 
requirement of 222 mJ/cm2 for 4log inactivation of AD41 when HEK293 was used for 
AD41 propagation and mRNA RT-PCR for quantitation of the virus titer. Four log 
inactivation of AD40 in either distilled water, buffered laboratory water or filtered 
drinking water was observed to require LP UV doses in the range of ~120 – 139 
mJ/cm2 (this study, Linden et al. 2007, Meng & Gerba, 1996) when PLC/PRF/5 was 
used as host cell. This was in contrast to the >200 mJ/cm2 requirement when LP UV 
irradiation was conducted in buffered-demand-free and groundwater (Thurston-
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Enriquez et al. 2003) despite the use of the same cell line (PLC/PRF/5) for 
enumeration. This difference in LP UV dose requirement could have arisen from the 
differences in AD propagation methods or other disparities in UV irradiation 
procedures, and not from the differences in water matrix. 
 
Table 4-2  Summary of inactivation rate K and  R2 values of AD with LP and MP       
      UV irradiation, enumerated with HEK293, PLC/PRF/5 and XP17BE 
Virus-host cell LP UV MP UV 
 Inactivation rate, 
KLP 
R2 Inactivation rate, 
KMP 
R2 
AD5 (HEK293) 0.0264 0.97 0.0442 0.99 
AD5 (PLC/PRF/5) 0.0324 0.99 0.0460 0.99 
AD5 (XP17BE) 0.0765 0.98 0.1103 0.96 
AD40 (HEK293) 0.0287 0.98 0.0602 0.99 
AD40 (PLC/PRF/5) 0.0298 0.96 0.0612 0.99 
AD41 (HEK293) 0.0220 0.97 0.0510 0.98 
AD41 (PLC/PRF/5) 0.0292 0.99 0.0561 0.96 
AD41 (XP17BE) 0.0697 0.98 0.0944 0.99 
 
Based on the inactivation rates K, AD40 and 41 were slightly more resistant to LP UV 
than AD5 irregardless of the host cell used for enumeration. This was with the 
exception when XP17BE was used. Favier et al. (2002) attributed the differences in 
UV sensitivity among the different AD serotypes to be due to the structural differences 
between respiratory and enteric AD (AD40 and 41) (Favier et al. 2002). AD40 and 41 
appeared to be more resistant probably due to its requirements to survive the harsh 
acidic conditions of the human gastrointestinal tract (Favier et al. 2004). However in 
this study, enteric AD were portrayed to be more resistant than respiratory AD5 when 
PLC/PRF/5 was used as host cell. With HEK293, AD, ranked in order of decreasing 
resistance was AD41, 5 and 40 (Figure 4-2, Table 4-2).  
  
When MP UV light was used, differences in UV doses required for 4log inactivation 
of different AD serotypes were not as variable as compared to LP UV. The differences 
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in LP UV doses were more pronounced with the use of different host cells. MP UV 
doses required for 4log inactivation of AD5 (HEK293) and AD5 (PLC/PRF/5) were 90 
and 87 mJ/cm2, respectively (Figure 4-2). Similarly, MP UV doses required for 4log 
inactivation of AD40 (HEK293 and PLC/PRF/5) and AD41 (HEK293 and PLC/PRF/5) 
were in the ranges of 65 – 78 mJ/cm2 and 71 – 78 mJ/cm2, respectively. However, with 
XP17BE, MP UV doses required for 4log inactivation of AD5 (XP17BE) and AD41 
(XP 17BE) were almost half of that required when the same AD serotypes were 
enumerated with HEK293 and PLC/PRF/5. 
 
Based on a comparison with results from other studies, results from this study for 
AD41 (PLC/PRF/5) corresponded more closely to that of Meng & Gerba (1996), 



























AD41  (PLC/PRF/5)  (Meng & Gerba, 1996)
AD41 (RTPCR) (Ko et al., 2005)
AD41  (PLC/PRF/5) (Baxter et al., 2007)
AD41 (HEK293) (This study)
AD41 (PLC/PRF/5) (This study)
 
Figure 4-3  LP UV dose response of AD41 from various studies. Continuous and 
dashed lines represent linear regression lines of AD41(HEK293) and 
AD41(PLC/PRF/5), respectively. 
 
However, the similarity of AD41 results with Baxter et al. (2007) appeared to suggest 
that host cell may not play a role in contributing to differences in results. Although 
PLC/PRF/5 was used in Baxter et al. (2007)’s study, AD41 results differed from 
results of AD41 (PLC/PRF/5) in this study. Therefore, in this study, results were 
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compared with that from other studies based on a macroscopic perspective due to the 
existence of unaccountable differences. This was due to the fact that although the same 
type of cells were used in this study and that from other studies, results can still be 
distinctively different due to other unforeseeable contributing factors such as the 
experimental procedures, cell culture, virus culturing and propagation methods. Direct 
comparison on the effect of host cells was only critically examined with results from 
the AD enumerated with the different host cells within this study. This ensured that 
virus culturing and propagation methods such as the number of freeze thaw cycles did 
not contribute to the inherent differences in AD’s UV dose requirements. 
 
4.3 Comparison of LP and MP UV for AD inactivation 
Few studies have been conducted on MP UV inactivation, and those available are only 
limited to MP UV inactivation of AD2 and AD40 (Escheid et al. 2009; Linden et al. 
2007; Malley et al. 2004). MP UV dose of 40 mJ/cm2 was previously sufficient for 
4log inactivation of AD40 (PLC/PRF/5 ) (Linden et al. 2007) whereas in this study, 
MP UV doses of 65 and 66 mJ/cm2 were required when PLC/PRF/5 and HEK293 were 
used for enumeration, respectively. 
 
Overall, differences in LP UV dose requirements for 4log inactivation of AD5, 40 and 
41 were larger than that with MP UV, and was almost doubled when XP17BE were 
used as host cells. By taking 4log AD inactivation as the benchmark, LP UV dose 
requirement varied from a range of 123 – 182 mJ/cm2 as compared to 65 – 90 mJ/cm2 
of MP UV dose for all three AD enumerated with HEK293 and PLC/PRF/5. AD 
enumerated with XP17BE was not included, and was compared separately because it 
resulted in both LP and MP UV doses that were much lower than that when AD were 
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enumerated with HEK293 and PLC/PRF/5. To elucidate the effectiveness of MP UV 
versus LP UV for AD inactivation, the LP/MP ratio was used. This factor was 
tabulated by dividing the LP UV dose required for 4log AD inactivation with that of 
MP UV dose for each AD serotype (Equation 4-1). LP/MP ratios were obtained for all 
three types of host cells. 
 
             LP/MP ratio = ------------------------------------------------       (Equation 4-1) 
 
In the development of LP/MP ratio, LP UV dose requirement of an AD serotype 
enumerated with HEK293 was compared with the MP UV dose requirement of the 
same AD serotype, enumerated using the same host cell. This was to eliminate any 
bias arising from differences in the types of cell lines used for AD enumeration, which 
might hence influence the tabulation of UV dose requirements. LP/MP ratios of the 
combinations of AD (host cell) are summarized in Table 4-3.  
Table 4-3  LP/MP Ratio corresponding to AD enumerated with three different 
host cells (HEK293, PLC/PRF/5 and XP17BE).  
 
Virus (Host Cell) LP/MP Ratio 
AD5 (HEK293) 1.7 
AD5 (PLC/PRF/5) 1.4 
AD5 (XP17BE) 1.4 
AD40 (HEK293) 2.1 
AD40 (PLC/PRF/5) 2.1 
AD41 (HEK293) 2.3 
AD41 (PLC/PRF/5) 1.9 
AD41 (XP17BE) 1.4 
 
AD5 (PLC/PRF/5), AD5 (XP17BE) and AD41 (XP17BE) had the lowest LP/MP ratio 
at 1.4. LP/MP ratio for the other variants (i.e. AD enumerated with HEK293 and 
PLC/PRF/5) were in the range of 1.7 – 2.1. This indicated that for those AD (host cell) 
combinations, MP UV dose requirement for 4log AD inactivation were 48 – 59% that 
of the LP UV dose required. Results clearly indicate that MP UV dose requirements 
LP UV dose for 4log AD inactivation 
MP UV dose for 4log AD inactivation 
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are lower than that for LP UV irregardless of the host cell used for enumeration. 
However, based on AD5 (PLC/PRF/5), AD5 (XP17BE) and AD41 (XP17BE), the 
advantage of using MP over LP UV was not as significant as compared to the other 
AD (host cell) combinations. 
 
Thus far, no known study have been conducted on MP UV inactivation of AD5. 
However, previous studies have revealed that AD2 and AD5 were almost equally 
resistant to LP UV, probably due to their similar nature, that both are respiratory 
disease causing AD. Literature reported LP UV doses of 120 mJ/cm2 (HEK293 as host 
cell) required for 3log (Baxter et al. 2007) and 160 mJ/cm2 (HEK293 and PLC/PRF/5 
as host cells) for 4log inactivation of AD2 (Gerba et al. 2002). Similarly in this study, 
LP UV doses for 3 and 4log inactivation of AD5 (HEK293) inactivation were 114 and 
152 mJ/cm2, respectively. Conversely, MP UV dose requirements for 4log inactivation 
of AD5 (PLC/PRF/5) and AD5 (HEK293) were 87 and 90 mJ/cm2, respectively. This 
was comparable to the MP UV dose of 90 mJ/cm2 required for AD2 (Linden et al. 
2007). With LP and MP UV inactivation, AD5 was also as resistant as AD2.  
 
Based on the LP/MP ratios, UV dose requirements were halved for most AD when MP 
UV was used instead of LP UV. The reduction in UV dose requirement of AD5 arising 
from a switch from LP UV to MP UV was not as significant as that observed in a 
previous study on AD2 and AD40 (Linden et al. 2007). In this study, LP/MP ratios for 
AD5 were also distinctively lower than AD40 and 41 with both PLC/PRF/5 and 
HEK293 cell lines. Nevertheless, LP/MP ratios for AD40 and 41 were comparable to 
previous results obtained for AD2, where the relative effectiveness of the MP in 
comparison to LP UV irradiation was 2.2 (Malley et al. 2004). With XP17BE cells, 
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low LP/MP ratios were obtained for AD5 and 41. This was probably due to both the 
damage inflicted on the surface protein structure and the inability of XP17BE to repair 
the UV-damaged DNA. With LP UV inactivation, only the genome was damaged and 
the UV dose requirements obtained based on CPE with XP17BE reflected the actual 
dose requirements with minimal genomic repair following host cell infection. However, 
it appeared that MP UV dose required was slightly less than that for AD when 
XP17BE was used as host cell. This could be explanatory for the additional damage 
inflicted upon AD’s surface proteins, on top of the damage to its DNA. The damage 
caused to AD’s surface proteins could limit AD’s attachment onto the host cell, which 
thus resulted in less CPE produced following MP UV inactivation.  
 
Linden et al. (2007) also observed that the switch from LP to MP UV irradiation 
resulted in a UV dose reduction from 120 mJ/cm2 to 40 mJ/cm2 for 4log inactivation of 
AD40. This reduction in UV dose requirement arising from the switch from LP to MP 
inactivation was justifiable and was a result of the different germicidal effect of both 
LP and MP UV. Escheid et al. (2009) demonstrated that LP UV was slightly more 
effective in damaging viral DNA than MP UV whereas MPUV was able to inactivate 
AD in the cell culture infectivity assay. With LP UV, damaged AD genome would be 
repaired in cell culture. This was because LP UV light (at 254 nm) only damaged the 
virus’s ability to function/ multiply by creating dimers in its genome (Rainbow & Mak, 
1973). Lately, it had also been suggested that LP UV light also possess the ability to 
cause slight conformational changes to viral proteins and hence the loss of virus’ 
ability to attach to cell receptors (Nuanualsuwan & Cliver, 2003). MP UV light, which 
comprises of wavelengths in UV-A (320 – 400nm), UV-B (290 – 320nm) and UV-C 
(190 – 290nm) range, might inflict additional damage on both the DNA and AD 
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proteins, disrupting the virion structure (Battigelli et al. 1993; Harm, 1970; Kallsvaart, 
2001). This could hinder and limit AD attachment onto the host cells. Linden et al. 
(2005) found that UV light at 220 nm was more effective than 254 nm in AD 
inactivation. However, such a low wavelength was not practical for drinking water 
treatment due to a limitation in the penetration of the water matrix by such low 
wavelength light. Differences in UV dose response posed by the use of different cell 
lines are further understood using the CLLP and CLMP values, which will be discussed 
in the following section. 
 
4.4 Effect of cell lines on AD susceptibility to LP and MP UV inactivation 
Results obtained from both LP and MP UV inactivation of AD, as well as results from 
previous studies indicated the impending effect of the choice of host cells on the UV 
dose response of AD. When a particular AD serotype (prior to, and after UV 
irradiation) was enumerated using the three different cell lines, the tabulated UV dose 
responses differed when different host cells were used.  
 
Previously, differences in susceptibility of the same AD serotypes observed in 
different studies were attributable to the difference in the number of freeze-thaw cycles 
during the virus harvesting process. These repeated action of freeze-thaw could 
damage the virus capsid and reduce AD’s resistance to UV (Gerba et al. 2002), which 
might also minimize the impact of different cell type used for enumeration. In this 
study, the freeze-thaw cycles were standardized to three. Under similar experimental 
settings for all AD types, our results suggest that because of the differences in cell line 
susceptibility to infection by different AD serotypes, UV dose responses obtained with 
different cell lines were inherently different. The differences in inactivation rates K of 
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each AD, enumerated with three different host cells in this study clearly spells out the 
differences in host cell susceptibility to the infection of different AD serotypes. 
 
AD5 results in this study were comparable to previous results with PLC/PRF/5 cell 
lines (Nwachuku et al. 2005). Nwachuku et al. (2005) observed a UV dose requirement 
for 2.8log inactivation of AD5 (PLC/PRF/5) with 90 mJ/cm2 of LP UV dose. A 
requirement of 93 mJ/cm2 was observed for 3log inactivation of AD5 (PLC/PRF/5) in 
this study. In contrast, AD5 (HEK293) was observed to require LP UV dose of 
approximately 120 mJ/cm2 for 3log inactivation (this study, Baxter et al. 2007). The 
variation of AD5 results in comparison to that from other studies was considered 
insignificant despite the use of different cell lines and possibly, different UV 
irradiation procedures. Unlike the enteric AD40 and AD41, the use of different cell 
types for AD5 enumeration in UV inactivation studies could probably not be as crucial. 
This was based on the knowledge that AD5 could be easily grown in cell cultures and 
with most cell types (Baxter et al. 2007). Therefore, the bias and differences in UV 
dose requirements arising from the use of different cell lines for the enumeration of 
UV-irradiated AD5 could be greatly minimized. Furthermore, this observation was 
also evident in our study when CPE by AD5 appeared during the first few days of 
virus infection of PLC/PRF/5 and HEK293 cell lines, and that the CPE formed were 
clearly distinguishable.  
 
With the enteric AD, UV results could be complicated by a series of factors such as the 
limited occurrence of CPE in different cell lines, and the extent of repair by different 
cell lines. Taken together, one cannot adequately conclude which AD serotype is the 
most resistant to LP UV inactivation without the consideration on the type of cell lines 
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used. This is because of the existence of disparities in cell lines and detection methods 
used to quantitate the cell titers before and after UV irradiation. 
      
To further understand the effect of cell lines on AD’s UV dose requirement, the cell 
line variability factors for both LP (CLLP) and MP (CLMP) were developed (Table 4-4). 
For LP, this was done by taking the inactivation rate K pertaining to an AD serotype 
enumerated with XP17BE, divided by K obtained by enumeration with either HEK293 
or PLC/PRF/5 (e.g. CLLP,i = KXP/Ki. If HEK293 was considered, then CLLP,HEK = 
KXP/KHEK293). The same was done following MP UV inactivation. An AD serotype 
with CL = 1.0 indicated that the inactivation rate K of the particular AD when 
enumerated with that cell line is similar to that when the same AD was enumerated 
with the repair-deficient cell line XP17BE (i.e. both cells are equally susceptible to AD 
infection and no bias in UV results will arise from the use of either cell lines during 
AD enumeration). CLLP and CLMP of the different combinations of AD (host cells) are 
summarized in Table 4-4. 
 
 
Table 4-4  Cell line variability factor for LP (CLLP, host cell) and MP (CLMP, host cell). 
Inactivation rate K of AD enumerated with XP17BE versus that of HEK293 and 
PLC/PRF/5. CLLP,i = KXP/Ki where KXP = LP UV inactivation rate K of AD 
enumerated with XP cells and Ki = LP UV inactivation rate K of AD enumerated with 
either HEK293 or PLC/PRF/5 
 
Virus (Host Cell) CLi = KXP/Ki 
 LPUV MPUV 
AD5 (HEK293) 2.9 2.5 
AD5 (PLC/PRF/5) 2.4 2.4 
AD5 (XP17BE) 1.0 1.0 
AD41 (HEK293) 3.2 1.9 
AD41 (PLC/PRF/5) 2.4 1.7 
AD41 (XP17BE) 1.0 1.0 
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CLLP,HEK for AD5 and AD41 were 2.9 and 3.2, respectively. CLLP,HEK293 was the higher 
for AD5 and AD41 as compared to CLLP,PLC/PRF/5. This implied that inactivation rates 
K of AD5 (XP17BE) and AD41 (XP17BE) were 2.9 and 3.2 times higher than that of 
AD5 (HEK293) and AD41 (HEK293), respectively. With PLC/PRF/5 as the host cell, 
CLLP,PLC/PRF/5 values for AD5 (PLC/PRF/5) and AD41 (PLC/PRF/5) equaled to 2.4. 
The use of either PLC/PRF/5 or HEK293 did not create obvious discrepancies in the 
LP UV dose requirements of AD40. This indicated that both cell types were 
comparably susceptible to AD40 infection. Since no CPE was observed for AD40 with 
XP17BE cells after prolonged incubation in the 96 well plates, CLLP and CLMP were 
not determined for AD40.  
      
Unlike CLLP, CLMP values were not as extreme for both AD5 and 40. CLMP,HEK293 and 
CLMP,PLC/PRF/5 for AD5 and AD40 were ≤  2.5. Analogous to the trend observed with 
CLLP, CLMP for both AD5 (HEK293) and AD41 (HEK293) were also higher than that 
when PLC/PRF/5 was used as the host cell for both AD5 and AD41. The smaller CLMP 
factors, which were distinctively closer to the value of 1.0, indicated that the type of 
cell lines used for AD enumeration was not as highly influential over the inactivation 
rates of AD as compared to LP UV. 
    
Despite the same experimental procedures adopted for PLC/PRF/5, HEK293 and 
XP17BE cells, one distinctive characteristic was that AD5 and AD41 enumerated with 
HEK293 appeared more resistant, with the higher CLLP and CLMP factors as compared 
to PLC/PRF/5. However, HEK293 and PLC/PRF/5 appeared to be equally susceptible 
to AD40 infection because UV dose response obtained with both cell lines were 
similar as reflected from the K values following LP and MP UV inactivation (Table 4-
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4). CLLP and CLMP of the three AD enumerated with both HEK293 and PLC/PRF/5 
ranged from 2.4 – 3.2 and 1.7 – 2.5, respectively. Although the variation in CLMP was 
not as large as CLLP, it cannot be disregarded. Ko et al. (2005) also pointed out that 
one of the possible reasons for the difference in AD resistance to that of other studies 
could also be due to the use of HEK293 cells rather than PLC/PRF/5 in most other 
studies. Regardless of whether MP or LP UV was used, the choice of cell line does 
indeed pose as a serious limitation to its usage for AD enumeration following UV 
irradiation.  
      
The types of cell lines are a major determining factor for the growth/infection and 
hence extent of CPE formation by AD. Many studies which focused solely on cell 
culture had differing viewpoints regarding the susceptibility of various cell lines for 
AD propagation. Some studies demonstrated that A549 was effective for cultivating 
AD40 and 41 (Cromeans et al. 2008; Witt & Bousquet, 1988) whereas others reported 
that PLC/PRF/5 was the most efficient (Grabow et al. 1992). This indicated that the 
variability in AD’s UV dose results, particularly the enteric AD, could have arisen due 
to the use of different cell lines for AD enumeration before and following UV 
inactivation. Because HEK293 and PLC/PRF/5 have previously been used for AD 
propagation and assay, both cell lines were therefore chosen in this study to assess 
their suitability in UV-related studies. Further, HEK293 was observed to be 
susceptible to infection by AD40 and 41. The results from these two cell lines were 
therefore compared to UV repair-deficient cell line XP17BE. 
 
The different resistances of an AD strain enumerated with different cell lines arises 
probably from the selectivity of different host cells for different virus types (Albert, 
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1986; Yates, 2008), and the different availability of repair enzymes present in different 
cell types (Gerba et al. 2002). Grabow et al. (1992) observed that the PLC/PRF/5 cell 
line was 100 times more sensitive to a laboratory strain of AD41 and 10 times more 
sensitive to a laboratory strain of AD40 in comparison to the HEK293 cell line. Both 
enteric AD had been known to be more difficult to culture than other AD, and they 
could infect some cells without causing CPE (Cromeans et al. 2008; Tiemessen & 
Kidd, 1994). Some studies had observed that long periods of incubation were required 
with HEK293 before the appearance of CPE. The reason that such a phenomenon was 
occurring in certain cell lines is probably due to the existence of an early replicative 
block in AD’s growth cycle (Takiff & Straus, 1982). In contrast, some noted that 
HEK293 had been successfully used for enteric AD growth because this cell line 
contains sequences of the AD5 E1 region which are complementary to the defective 
region in this E1 function of the enteric AD. This hence assisted in AD replication 
within the HEK293 cell line (Brown et al. 1984; Takiff & Straus, 1982; Takiff et al. 
1981). HEK293 was therefore considered in this study because of the higher 
susceptibility of these cells to AD40 and 41 infection (Albert, 1986).  
 
Besides the selectivity of the cell line, another possible reason for the differences in 
UV dose requirements could be the existence of different amounts of repair enzymes in 
different host cells (Gerba et al. 2002). Prior to UV irradiation, the use of different cell 
lines could result in differences in initial AD titers due to the selectivity of different 
cell types for AD. It was known that UV-irradiated AD was able to repair their 
damaged DNA using the NER mechanism of the host cell, thus restoring the AD’s 
ability to be replicated (Rainbow & Mak, 1973). The same titer of AD surviving 
immediately after UV irradiation underwent different extents of repair when infected 
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in different cell lines with differing amounts of repair enzymes when enumeration was 
done with cellular infectivity assays. This hence resulted in different CPE inflicted, 
depending on the extent of repair after they were assayed in different cell types. These 
differences would hence be reflected during the tabulation of the UV dose response 
curves. Furthermore, certain AD serotypes may repair faster in one cell line as 
compared to other cell lines, hence leading to disparities in results when plaque assay 
or TCID50 results are analysed on the same day. Day (1974) had studied the effect of 
cell types and repair enzymes by assaying UV-irradiated AD2 in cells from xeroderma 
pigmentosum patients which were deficient in NER, and demonstrated that AD2 was 
as sensitive to UV as compared to other microorganisms. Based on USEPA’s 
LT2ESWTR, the high UV dose was obtained based on assays to test for AD survival 
using plaque formation or CPE on human tumor and transformed cells. It had been 
demonstrated previously that many human transformed cells and human tumor cells 
were deficient in NER and showed reduced host cell reactivation of UV-damaged AD 
genome (Day et al. 1999; Rainbow, 1989). In the aspect of drinking water, it is still 
unclear of what effects the UV irradiated AD will have on normal nontumored cells in 
vivo.  
 
In other studies where PLC/PRF/5, HeLa or HEK293 cells were used, AD appeared to 
be more resistant to UV as compared to the study by Escheid et al. (2009) when A549 
cell was used. In Escheid et al. (2009)’s study, only 80 mJ/cm2 of LP UV dose was 
required for 4log inactivation of AD2 in contrast to 120 – 160 mJ/cm2 observed in 
other studies (Baxter et al. 2007; Gerba et al. 2002). This difference appeared not to be 
attributable to the number of freeze-thaw and water matrix during UV disinfection. 
Therefore, since the choice of host cells adversely affects the infectivity of AD, a 
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certain extent of bias would arise when the UV dose requirement of a particular AD 
strain enumerated with HEK293 was compared to that enumerated with PLC/PRF/5 or 
other types of cell lines. Although higher UV dose requirement was required for AD 
(HEK293) as compared to the use of PLC/PRF/5 and XP17BE for enumeration, 
HEK293 appear to be more reflective of the extent of harm AD could inflict upon 
normal humans when drinking water containing AD is consumed. Adopting UV dose 
response of AD (HEK293) would pose as a conservatory measure for the estimation of 
the extent of kill by LP or MP UV during drinking water disinfection.  
      
With MP UV, smaller CLMP could have arisen due to the different germicidal effect of 
MP UV on AD, and that MP UV light was significantly more effective than LP UV 
light (Malley et al. 2004) in minimizing the effect of host cell’s selectivity of AD 
growth/ infection. MP UV irradiation could have affected AD’s ability to induce NER 
in the HEK293 and PLC/PRF/5 or it could have altered structural proteins on AD’s 
surface, hence hindering AD’s attachment to different host cells. These hence led to 
smaller differences and bias arising from the use of different cell lines for enumeration 
following MP UV inactivation. This was supported by the lower CLMP as compared to 
CLLP. More studies would have to be conducted to ascertain the effects of different 
wavelength UV lights and their extents/types of damage inflicted on AD.  
      
Overall, regardless of whether LP or MP UV was used, the choice of different types of 
cell lines cannot be overlook since results of AD inactivation could vary substantially 
with the use of different cell lines (Ballester & Malley, 2004). This study demonstrated 
that despite using the same water matrix and virus propagation/culturing methods for 
the same AD strain, UV dose requirements, particularly for LP UV inactivation, could 
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vary substantially with three different host cells (HEK293, PLC/PRF/5 and XP17BE) 
used for AD enumeration. With the existence of such variability, the UV resistance of 
a particular AD strain enumerated using a particular cell line may not be appropriately 
compared with that of the same AD strain enumerated with another cell line. This 
applies in particular to the fastidious enteric AD40 and 41 which possess multiple 
defects in their DNA. Although UV dose responses of AD40 appear not to differ with 
HEK293 and PLC/PRF/5 as host cells, this may not apply when other host cells are 
used. They may hence cause different extent of CPE in different cell lines which are 
able to alleviate the defectiveness of AD infection to different extents (29). Such a 
consequence could be carried forward to affect the tabulation of UV dose requirements 
when the TCID50 method is used to measure the virus titer of each AD strain before 
and after UV irradiation. 
 
4.5 Summary 
This study demonstrated that UV dose requirements of AD5, 40 and 41 depended 
highly on the types of cell lines used for AD enumeration. This applies especially to 
LP UV inactivation of AD. Based on CLLP and CLMP, LP and MP UV dose 
requirements for the inactivation of each AD strain enumerated with HEK293 was 
distinctively higher than that enumerated with PLC/PRF/5 for a specified level of log 
inactivation. In contrast, with UV repair-deficient cell XP17BE, AD5 and AD41 were 
portrayed to be very susceptible to LP and MP UV disinfection. With the types of cell 
lines contributing to the variability in AD’s UV dose response, the comparison of UV 
dose results of a particular AD serotype from different studies, in which the same AD 
serotype was enumerated using different cell types, could create a certain extent of bias. 
Therefore, comparison of AD’s UV dose results must be made with consideration of 
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the types of cell lines used during enumeration. There may also be a need to establish a 
standard cell line to be used for the enumeration of each AD serotype due to the 
selectivity of different cell types for different AD serotypes. The types of cell lines 
used for enumeration, however, were not as influential on MP UV-irradiated AD. MP 
UV dose requirements of AD enumerated with the PLC/PRF/5 and HEK293 were not 
significantly different. Overall, MP UV inactivation, which was proven to be 
approximately twice as effective as LP UV for AD inactivation, proved to be a good 















CHAPTER 5 UNDERSTANDING AD’S RESISTANCE TO UV 





This chapter provides information in addition to the study on UV inactivation of AD in 
chapter 4. UV inactivation was conducted in a similar manner as that in Chapter 4, 
except that instead of adopting infectivity assays, this approach seeks to utilize 
molecular tools to understand the extent of UV-induced repair of AD genome by 
different cell lines. Infectivity assays have been formally pinpointed to be contributing 
factors to variabilities in AD inactivation results. This is because of its subjective 
nature in terms of scoring for CPE. Some AD do not exhibit any CPE even when the 
host cell culture deteriorate. This was evident from the previous chapter where CPE 
could not be scored for AD40 (XP17BE) because of such a phenomenon. Likewise, 
Ko et al. (2003) advocated that molecular methods such as mRNA RT-PCR, which 
was used in their study, could reliably measure the infectivity of AD41. Such methods 
could counteract the problems arising from cell culture-based assays which require 
weeks for the observation of CPE and that there is no worries regarding the 
deterioration of cells before the appeariance of distinctive CPE as evidence of 
infectivity (Ko et al. 2005). 
 
Some studies have recently been adopting molecular-based methods such as RT-PCR 
to more accurately enumerate AD. This chapter will provide a deeper understanding on 
the effect of different cell lines on AD enumeration, especially in UV disinfection 
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studies whereby host cell repair enzymes can reactivate UV-damaged AD genome 
during infection. The establishment of a baseline study prior to UV disinfection 
provides insights to the actual scenarios under normal AD propagation procedures with 
the respective cell lines. Following UV, viruses were infected in the three host cells 
and their DNA extracted at 0, 24, and 48 hr. Extracted DNA and DNA subjected to 
real-time PCR was then compared with that from the baseline study to examine the 
extents of repair by different cell lines.  
 
5.2 Baseline Study of AD: Role of Host Cells in AD DNA Replication  
In order to ascertain the extent of AD DNA replication under normal situations (i.e. 
without any UV irradiation) within the three different cell lines (HEK293, PLC/PRF/5 
and XP17BE), AD was subjected to infection for periods ranging from 0, 24 and 48 
hrs using the host cells. Thereafter, the DNA of the viruses corresponding to post-
infection (p.i.) periods of 0, 24 and 48 hrs were recovered and assessed. It was 
previously noted that AD genomic DNA replication commences as early as 12 hr p.i 
(Zhang and Imperiale, 2003). Therefore, the choice of 24 and 48 hr p.i. allowed for the 
assessment of the extents of DNA changes within the 3 different cell lines chosen.  
 
Results on the extracted AD DNA and DNA subjected to PCR using primers targeting 
at AD fiber and E1A region are shown in Figure 5-1. The length of AD5, 40 and 41 
DNA were compared with the DNA ladder of 10 kbp and that of the PCR products 
with DNA ladder at 100 bp in length. For consistency, a fixed concentration of each 
AD DNA (40 ng) was used for PCR. This was to ensure that the amount of DNA at the 
start of amplification was the same for all. Because it was anticipated that following 
UV irradiation, the same quantity of DNA from different AD, enumerated using 
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different cell lines would undergo different extents of amplification. DNA with high 
quantities of dimmers were predicted not to be able to undergo the amplification 
process and hence the resulting PCR product would be substantially less than another 
AD DNA which contained lesser amounts of dimmers. Likewise, the amount (volume) 
of DNA or PCR products loaded during gel electrophoresis was also kept constant to 
ensure that the difference in the intensities of the DNA or PCR bands were not a result 




Figure 5-1  Gel electrophoresis of AD 5, 40 and 41 DNA and PCR products of 
AD40 fiber and E1A region. AD DNA measured against and AD40 fiber and E1A 
region measured against 100 bp DNA ladder. 
 
 
Without UV irradiation, AD41 DNA was inoculated into HEK293, PLC/PRF/5 and 
XP17BE cell lines for post infection (p.i.) periods of 0, 24 and 48 hrs, and their DNA 
are reflected in Figure 5-2. At 0 hr p.i., the DNA concentrations for AD5 were low. 
AD5 was injected into the wells containing the three different cell lines, and the DNA 
extraction was carried out within 1 hour, thus this was categorized as 0 hr p.i. When 
subjected to 24 and 48 hr p.i., the extracted AD41 DNA concentrations increased 
(evident from the increased intensity of the DNA bands).  
 




Figure 5-2  Gel electrophoresis of AD41 DNA against 10 kbp DNA ladder. DNA 
were extracted 0, 24 and 48 hr p.i.  
 
Throughout the 48 hr p.i. period, the increase in AD DNA was the highest when 
PLC/PRF/5 was used as the host cell. This was followed by HEK293 and then 
XP17BE with the lowest increase in DNA concentration. After 24 hr p.i. with XP17BE 
as host cells, the AD DNA band was still not evident using gel electrophoresis despite 
a quantification of the DNA volume and density on the gel using Quantity One (Bio-
rad, USA).  This was therefore coupled with the use of the nanodrop for the 
quantification of DNA. 
 
Results on AD DNA concentrations following infection periods of 0, 24 and 48 hr p.i. 
are summarized in Figure 5-3. Based on the quantification of DNA, HEK293 was 
observed to be highly susceptible to the growth and enumeration of AD5 and 40. This 
was partly consistent with results obtained in Chapter 4 whereby AD5 was visually 
observed to undergo CPE rapidly. During the 1st 24 hrs of p.i., there was no distinct 
difference between AD5 DNA concentrations using both HEK293 and PLC/PRF/5 cell 
lines (Figure 5-3a). However by 48 hr p.i., there was a stark contrast in the 
concentrations of DNA when AD5 was enumerated with HEK293 as compared to 
PLC/PRF/5. This corresponded to that obtained from gel electrophoresis. AD5 
(XP17BE) DNA concentration remained low at ~38 ng/L after 48 hr p.i.  
































































































Figure 5-3  DNA concentrations of (a) AD5, (b) AD40 and (c) AD41 following p.i. 
periods of 0, 24 and 48 hr 
 
 
Likewise, the DNA for the enteric ADs 40 and 41 were observed to increase with time 
during p.i. periods of 0 – 24 hrs (Figures 5-3b, c). This was with the exception of 
AD40(HEK293) at 0 and 24 hr p.i. However, after 48 hr p.i., the DNA concentration 
increased to the range similar to that of AD5. When AD41 was enumerated with 
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compared to AD5 and 40. HEK293 appeared to be most susceptible to AD5 and AD40 
whereas PLC/PRF/5 was more susceptible to infection by AD41.  
 
5.3 Effect of LP UV Inactivation on AD DNA Repair and Replication in 
Different Host Cells  
 
In order to minimize the effect of AD repair by different host cells which were used for 
AD enumeration following the UV inactivation of AD, UV irradiated AD were only 
subjected to infection using the three different host cells (HEK293, PLC/PRF/5 and 
XP17BE) for 0, 24 and 48 hrs and then their DNA was extracted for real-time (RT)- 
PCR. The CT value was then used to estimate the DNA concentration based on the 
amount of PCR products generated.  
 
LP UV irradiation was conducted using the collimated beam at UV doses of 40 and 
100 mJ/cm2. These two UV doses were selected to represent the lower and higher 
range of LP UV doses that were rendered in this study. Based on previous results from 
Chapter 4, it was observed that 4 log UV irradiation can be rendered by doses ranging 
from 120 – 180 mJ/cm2. Because the CT value is indirectly related to the PCR product 
concentration, an initial establishment was done by relating the DNA concentration 
with the CT value.  
 
Results of AD5 RT-PCR following LP UV irradiation at 40 and 100 mJ/cm2 are 
illustrated in Figure 5-4. Following LP UV irradiation of AD5 at 40 mJ/cm2, a 
significant reduction in CT value was observed as p.i. duration increased from 0 to 48 
hr with HEK293 cell lines. The change in CT values was correlated to the change in 
AD concentrations based on the CT vs AD concentration trendlines at different p.i 
periods.  
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With HEK293 as the host cell, the reduction in CT values from 16.6 to 13.7 
corresponded to AD5 concentration increase of 0.64 log. This indicated that as 
infection time increased from p.i. 0 to 48 hrs, a gradual increase (~ 0.64 log) in AD5 
concentration was observed. It was anticipated that if there was no change in AD DNA 
concentration (i.e. no repair and replication), the CT value will remain constant 
regardless of p.i. time. This was obtained based on the correlation of the AD 
concentrations (specific to type of cell line) with the respective CT values following 
RT-PCR. However, when PLC/PRF/5 and XP17BE were used, the corresponding 














































Figure 5-4  Summary of CT values obtained from RT-PCR of AD5 following LP 
UV irradiation with doses of (a) 40 and (b) 100 mJ/cm2 
 
At a LP UV dose of 100 mJ/cm2, the changes in AD5 concentrations over the p.i. 
durations of 0 to 48 hrs were not as significant (p values > 0.05). AD5 concentrations, 
(a) 
(b) 
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as reflected based on the correlation of the CT values, appeared to level off, 
particularly for PLC/PRF/5 and XP17BE cell lines. Very slight reductions in CT 
values were observed for AD5 enumerated with HEK293 host cell. The increases in 
AD5 concentrations with HEK293, PLC/PRF/5 and XP17BE following LP UV dose of 
100 mJ/cm2 were 0.24, 0 and 0 log respectively. This corresponded to the TCID50 
enumeration in which higher UV dose requirements were observed for AD5(HEK293) 
rather than AD5(PLC/PRF/5).  
 
For the enteric AD 40 and 41, because of a slight limitation of the TCID50 enumeration 
due to the susceptibility of different cell lines to the enteric AD and also because the 
enteric AD do not necessarily produce CPE upon host cell infection, culture-based 
techniques therefore are limited in accurate enumeration. Likewise, for AD40 which 
did not produce any CPE on XP17BE cell lines (this study), RT-PCR could be used to 
predict AD40 concentrations using the cell culture-RT-PCR approach. RT-PCR 
demonstrated that infection by AD40 occurred in the PLC/PRF/5 cell line. This was 
characterized by the increase in AD40 concentration p.i. (especially at LP UV dose of 
40 mJ/cm2.  
 
With RT-PCR, CT values obtained for AD40 and 41 will provide a gauge on the extent 
of AD repair following UV irradiation. At 40 mJ/cm2, the increases in the 
concentration of AD40 following p.i. period of 0 to 48 hrs was observed to be 0.68log 
and 0.48log when HEK293 and PLC/PRF/5 were used as host cells, respectively. This 
was different from the TCID50 results in which no significant difference (p value > 
0.05) was observed between AD40 (HEK293) and AD40 (PLC/PRF/5). However, 
when LP UV dose was increased to 100 mJ/cm2, the corresponding increases in AD40 
CHAPTER 5  EFFECT OF CELL LINES ON AD REPAIR (MOLECULAR) 
129 
 
concentrations were 0.48 and 0.14log, respectively for HEK293 and PLC/PRF/5 cell 
lines. Contrastingly, when XP17BE was used as the host cell for AD40, the increases 
in AD40 concentrations were 0.057 and 0 log, respectively at LP UV doses of 40 and 
100 mJ/cm2. At higher LP UV dose of 100 mJ/cm2, the replication of AD40 appeared 
to be curbed substantially when PLC/PRF/5 was used as the host cell and no 
replication was observed with XP17BE within the 48 hr p.i. period. Unlike the TCID50 
enumeration in which no results could be obtained with AD40 (XP17BE), molecular-
based RT-PCR yielded interesting results. This indicated that the inability to yield 
results from TCID50 was not due to the inability of AD40 attachment onto and hence 
infection by XP17BE. The absence of CPE during TCID50 could be due to the delayed 
response or inherent lack of cytophatogenic effect on XP17BE. 
                
                
Figure 5-5  Summary of CT values obtained from RT-PCR of AD40 following LP 








In contrast to AD40, AD41 was predicted to have higher repair rates according to the 
CT values that was registered after RT-PCT when LP UV dose of 40 mJ/cm2 was used 
(Figure 5-6a). When AD41 was enumerated using HEK293, PLC/PRF/5 and XP17BE 
cell lines for p.i. from 0 to 48 hrs, the respective increase in AD41 concentrations were 
2.25, 1.13 and 0.19log. Particularly when HEK293 was used for the enumeration of 
AD41, a distinctive reduction in CT value was observed as p.i. increased from 0 to 48 
hr p.i. However, only gradual reduction in the CT value was observed when 
PLC/PRF/5 was used as host cell and a very slight increase was observed with 
XP17BE. When the LP UV dose was increased to 100 mJ/cm2, the changes in AD41 
concentrations were significantly reduced (p value < 0.05). When HEK293, 
PLC/PRF/5 and XP17BE were used as host cells, the increases in AD41 
concentrations over the p.i. period of 48 hrs were 1.17,  0.39 and 0.16log, respectively. 
The significant difference in DNA concentration increase between AD41(HEK293) 
and AD41 (PLC/PRF/5) corresponded to the TCID50 enumeration results. As reported 
previously, LP UV  dose requirement for 4log inactivation of AD41 (HEK293) (at 182 
mJ/cm2) were significantly higher than required for AD41 (PLC/PRF/5) (at 137 
mJ/cm2). Likewise, Ko et al. (2005) also made use of cell culture mRNA RT-PCR to 
measure the infectivity of AD41 which was cultured using HEK293 cell lines. 
Following infection for 5 – 7 days, viral mRNA was subjected to RT-PCR and results 
showed that AD41 (HEK293) was more resistant than that documented in previous 
studies. This could be because the mRNA RT-PCR method was more sensitive than 
conventional CPE-based cell culture methods in the detection of infectious viruses. 
Because of the sensitivity of the molecular method, the estimate of the extent of AD40 
DNA replication in XP17BE at various p.i. durations could be obtained in this study 
unlike that when no CPE was observed in the cellular-based method.                                                                                     








































Figure 5-6  Summary of CT values obtained from RT-PCR of AD41 following LP 




5.4 Effect of MP UV Inactivation on AD DNA Repair and Replication in 
Different Host cells 
 
Besides LP UV doses at 40 and 100 mJ/cm2, RT-PCR was also conducted on AD5, 40 
and 41 following MP UV doses of 20 and 60 mJ/cm2 after p.i. periods of 0, 24 and 48 
hrs. With MP UV irradiation of AD5, slight inconsistencies were observed in the CT 
values following each infection period (Figure 5-7). This could probably be due to the 
limitation of the RT-PCR method in which high precision could not be attained in 
quantifying the exact difference in DNA concentrations due to the minute differences 
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Results on AD5 indicated that the CT values were not good gauges of the AD 
concentrations at both MP UV doses of 20 and 60 mJ/cm2, probably due to the small 
differences in CT values after MP UV irradiation. CT values (between 0 and 48 hr p.i.) 
of AD5 after MP UV irradiation did not differ significantly (p values > 0.05) unlike 
that when LP UV irradiation was conducted. With HEK293, PLC/PRF/5 and XP17BE 
as host cells, the increases in AD5 concentrations when p.i. increased from 0 to 48 hrs 
were 0.088, 0.197, and -0.24log, respectively when the MP UV dose was at 20 
mJ/cm2. Although the CT value for AD5 (XP17BE) at p.i. 48 hrs was higher than that 
at 0 hrs (indicating that there was a reduction in AD5 concentration), it was taken that 
there was no change in DNA concentrations between both p.i. periods (i.e. 0log 
increase). This was because the increase in CT value (as compared to 0 hr p.i.) 
indicated the increase in DNA concentration and hence PCR products detected due to 
the repair of the AD DNA by the host cell following incubation in the host cell. The 
CT value immediately following UV irradiation was lower than that after enumeration 
with the host cell due to the damage inflicted on the dimmers which hence limited the 
RT-PCR process and hence a correspondingly lower amount of PCR products were 
formed. However, following 24 or 48 hr p.i. the possibility of obtaining a lower CT 
value (as compared to 0 hr p.i.) and hence a reduction in PCR product was not 
possible. This is because the incubation process did not lead to further inactivation 
process due to the lack of residual provided by the UV light. Therefore the negative 
value is most likely due to the inaccuracies arising from detection rather than a 
reduction in DNA concentration/PCR product and is construed as 0log change in DNA 
concentration. Such inaccuracies could have existed due to the low DNA 
concentrations and also PCR products arising from RT-PCR. Possibilities of 
minimizing such errors due to the effects of low concentrations could be brought about 
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by working with higher DNA concentrations. However, with regards to the 
propagation of higher concentrations of AD, a current limitation still exists due to the 
difficulties associated with AD propagation. This could be alleviated only with host 




















































Figure 5-7  Summary of CT values obtained from RT-PCR of AD5 following MP 
UV irradiation with doses of (a) 20 and (b) 60 mJ/cm2 
 
When MP UV dose was increased to 60 mJ/cm2, the increases in AD5 concentrations 
with HEK293, PLC/PRF/5 and XP17BE cell lines were -0.11, 0.214 and 0.175, 
respectively when p.i. was increased from 0 to 48 hrs (Figure 5-7b). This was 
surprising as AD5 when enermerated with HEK293 was observed to have negligible 
repair rates at -0.11 log as compared to that when enumerated with PLC/PRF/5 and 
XP17BE. These misrepresentations in results were attributed to the higher extents of 
variability in AD5 concentrations after p.i. of 48 hrs. Unlike the quantification of AD5 
(b) 
(a) 
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DNA concentrations following 0 p.i. in which lower deviations were observed, RT-
PCR of AD5 following p.i. periods of 48 hrs were coupled with higher standard 
deviations. The standard deviation was especially obvious with AD5 (XP17BE) 
especially after 48 hr p.i. In addition, the increases in AD5 DNA concentrations over 
the p.i. period of 48 hrs were notably smaller in magnitude as compared to that when 
LP UV irradiation was conducted. This hence resulted in slight inaccuracies due to the 
insignificant differences in the DNA concentrations following MP UV irradiation. In 
contrast to TCID50 in which MP UV doses required for 4log inactivation of AD5 
(HEK293) and AD5 (PLC/PRF/5) were 90 and 87 mJ/cm2, respectively, RT-PCR 
results differed significantly (p values < 0.05). Based on the DNA concentration 
increase from 0 to 48 hr p.i., results indicated that higher DNA increases were 
observed for AD5 when PLC/PRF rather than HEK293 was used as host cell 
 
When AD40 was also irradiated with MP UV doses of 20 and 60 mJ/cm2, similar 
observations were made pertaining to the changes in DNA concentrations (Figure 5-8). 
Reductions in CT values were higher than that when HEK293 and PLC/PRF/5 were 
used as host cells, as compared with XP17BE. Differences in CT values between 0 and 
48 hr p.i. were more distinct at a lower MP UV dose of 20 mJ/cm2 rather than 60 
mJ/cm2. At MP UV dose of 20 mJ/cm2, AD40 concentration increase between 0 and 
48 hr p.i. corresponding to the host cells HEK293, PLC/PRF/5 and XP17BE were 
2.07, 1.93 and 0.36log, respectively. There were no distinct differences between the 
AD40 repair rate when LP UV (at 40 and 100 mJ/cm2) and MP UV (at 20 mJ/cm2) was 
rendered (p value > 0.05). Both LP UV doses and MP UV at low dose resulted in an 
increase in AD40 concentrations following 48 hr p.i. When the MP UV dose was 
increased to 60 mJ/cm2, the increase in AD40 concentration between 0 and 48 hr p.i. 
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reduced to 0.86log when HEK293 was used as the host cell. However, when 
PLC/PRF/5 and XP17BE were used as host cells for AD40, the AD concentrations did 
not differ significantly between p.i. of 0 and 48 hrs (p values > 0.05). Increases in 
AD40 concentrations corresponding to PLC/PRF/5 and XP17BE were 0.091 and 
0.023log, respectively. This demonstrated that with HEK293 as the host cell for AD40, 
slight repair was still evident within the 48 hr p.i. period whereas negligible repair was 
observed for PLC/PRF/5 and XP17BE.  
                     
                     
Figure 5-8  Summary of CT values obtained from RT-PCR of AD40 following MP 
UV irradiation with doses of (a) 20 and (b) 60 mJ/cm2 
 
 
Results for AD41 corresponded slightly to that for AD40 with all three cell lines. At a 
lower MP UV dose, a reduction in CT value was observed with AD41 (HEK293) at 48 
hr p.i. whereas the reduction was negligible for PLC/PRF/5 and XP17BE cell lines 
(Figure 5-9). Even at a higher dose of MP UV light, slight reduction in CT value was 
(b) 
(a) 
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observed with HEK293 cell line. At 20 mJ/cm2, the increases in AD41 concentrations 
were 0.79, 0.16 and 0.08log, respectively for HEK293, PLC/PRF/5 and XP17BE. 
When MP UV dose was increased to 60 mJ/cm2, their corresponding increases in DNA 
concentration were 0.42, 0.19 and 0log, respectively. Results in Chapter 4 showed that 
the MP UV dose required for 4log inactivation of AD41 (HEK293), AD41 
(PLC/PRC/5) and AD41 (XP17BE) were 78, 71 and 42 mJ/cm2, respectively. Because 
the MP UV dose requirement was obtained based on the UV dose response graph, the 
higher UV dose requirement required for 4log inactivation of AD41 (HEK293) 
implied that it was more resistant to MP UV dose as compared to AD41 (PLC/PRC/5) 
and AD41 (XP17BE) based on enumeration TCID50. This corresponded with the CT 
values obtained during RT-PCR in which the highest increase in AD41 concentration 
was observed with HEK293 cell lines followed by PLC/PRF/5 and lastly, the smallest 
increase with XP17BE cells. At a MP UV dose of 60mJ/cm2 which was higher than the 
42 mJ/cm2 required for 4log inactivation of AD41 (XP17BE), 0log increase in AD41 
DNA concentration was observed following 48 hr p.i. However, with AD41 
(HEK293), AD41 (PLC/PRC/5) and their corresponding MP UV dose required for 
4log inactivation at 78 and 71 mJ/cm2, respectively, slight AD concentration increase 



















































Figure 5-9  Summary of CT values obtained from RT-PCR of AD41 following MP 
UV irradiation with doses of (a) 20 and (b) 60 mJ/cm2 
 
Furthermore, with MP UV irradiation of AD40 and AD41 at 20 mJ/cm2, and 
subsequent infection with HEK293, it was observed that within 24 hr p.i., slight 
reduction in CT value was observed. However the reduction in CT values (i.e. increase 
in DNA concentration) was more significant between 24 and 48 hr p.i. (p values < 
0.05). This scenario was not observed with LP UV. This could indicate that MP UV 
dose at 20 mJ/cm2 could curb the DNA replication to a certain extent. However when 
the repair mechanism of the cell line sets in after 24 hr p.i., AD40 and AD41 DNA 
concentrations were seen to increase between 24 and 48 hr p.i. This, was however not 
evident with PLC/PRF/5 and XP17BE.  
 
In contrast to the enteric ADs, AD5 did not appear to be repaired by a significant 
extent regardless of the cell line used. Significant repair was only observed in AD5 
(HEK293) at a low LP UV dose of 40 mJ/cm2. At the higher LP UV dose (100 
mJ/cm2), and with MP UV irradiation, AD5 DNA concentrations were relatively stable 
(with slight increases within 48 hr p.i.). This coincided with results in which lower LP 
and MP UV doses were required for 4log inactivation of AD5 as compared to the 
enteric AD.  
 
(b) 
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Likewise, Eischeid et al. (2009) also observed that without the infection of cells with 
UV irradiated AD2, results on the lesions per kilobase of AD2 DNA showed that the 
damage to viral DNA by LP and MP UV were equally effective. Therefore, the lengthy 
process of AD enumeration using host cells in fact provides an avenue for the 
replication of the UV damaged viral genome. In their study, agarose gel 
electrophoresis was also used to evaluate the PCR products arising from UV irradiated 
AD2 at various LP and MP UV doses. The bands of the PCR products as reflected on 
the agarose gel also became fainter as LP and MP UV doses increased. This indicated 
that with the infliction of higher UV doses, higher extents of AD DNA was damaged 
thus leading to the formation of fewer PCR products. The evaluation of these results 
results in a qualitative approach to the effect of LP and MP UV irradiation. However, 
with RT-PCR, a quantitative approach is attained and an estimation of the extents of 
DNA repair can be gauged when different host cells are used.   
 
5.5 Summary 
Overall, results using the molecular based RT-PCR were able to predict the effect of 
different host cells on the extents of repair of AD during p.i. 0 to 48 hrs. This provides 
a speedy gauge with regards to the extent of repair rendered by each host cell on 
different AD serotypes. Furthermore, with TCID50 in which the enumeration of AD40 
(XP17BE) was not possible, RT-PCR provides an estimate on the AD40 repair by 
XP17BE. With the RT-PCR, the extents of repair could be gauged for each AD – host 
cell combination. Results indicated that HEK293 was the most susceptible to infection 
and hence replication of AD5, 40 and 41 except for that under MP UV dose of 20 
mJ/cm2. When HEK293 was used as the host cell for the enumeration of all three 
viruses with p.i. of 48 hrs, the extents of repair and hence increase in AD DNA 
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concentration were the highest between 0 hr p.i. and 48 hr p.i. This was in contrast to 
that when XP17BE was used as the host cell. With XP17BE, minimal increases in AD 
DNA concentrations were observed for all cell lines irregardless of whether LP UV or 
MP UV was rendered. This was with the exception of AD41(XP17BE) subjected to LP 
UV of 100 mJ/cm2 where p value was < 0.05. This corresponded to the small 
differences in LP and MP UV dose requirements of AD when XP17BE was used as 
the host cell (Chapter 4). However, on the whole, this means that quantifying changes 
in AD repair based on AD DNA concentrations by RT-PCR following UV irradiation 
can only provide a gauge but not an exact measurement on the amount of repair 
rendered by each cell line in log units. This was especially obvious after MP UV 
irradiation in which the differences in AD concentrations before and after UV 
irradiation was not significant (p values > 0.05). These also resulted in higher 
variations in results between the different trials conducted.  





CHAPTER 6 EFFECT OF UPSTREAM COAGULATION-MF/UF 




Low pressure membrane filtration processes such as microfiltration (MF) and 
ultrafiltration (UF) have gained considerable attention of late, and are widely 
retrofitted as upstream drinking water treatment systems for particulate and pathogen 
removal in place of conventional sand filtration. MF and UF have been proven to be 
able to provide for compliance of turbidity standards, and bacteria and protozoan 
removals to levels below their detection limit. They therefore serve as effective first 
stage barriers to waterborne pathogens elimination, addressing the requirements of 
LT2ESWTR for Cryptosporidium elimination without compromising with Stage 2 
DBPR. Besides low pressure membrane filtration, UV disinfection similarly provide 
for LT2ESWTR compliance by its high efficiency against waterborne pathogens such 
as bacteria, protozoas and most viruses. With low doses of < 10 mJ/cm2, more than 
4log inactivation of bacteria, protozoas and most viruses could be accounted for.  
 
Despite their high competencies, one common challenge to both low pressure 
membrane filtration and UV disinfection is the elimination of viruses. Viruses are very 
much smaller in size as compared to the pore sizes of MF, and are relatively 
comparable to some UF membrane pores. UF membranes have demonstrated higher 
virus removal than MF membranes but removals are not absolute and exceptions occur 
when the integrity of UF membranes are compromised (USEPA, 2001). Removal of 
CHAPTER 6  COAGULATION-MF/UF-UV DISINFECTION 
141 
 
viruses by low pressure membrane systems is therefore variable and highly dependent 
on factors such as upstream coagulation, membrane properties, solution chemistry, and 
the formation of a cake layer which serves as a secondary barrier. Similarly, in 
comparison to other bacterial, protozoan and viral waterborne pathogens, AD are 
particularly resistant to UV disinfection.  
 
Many studies have been conducted to understand the separate phenomenon of virus 
removal by upstream process (i.e. coagulation-MF/UF filtration) and virus inactivation 
by UV disinfection. Coagulation-MF/UF studies were conducted and majority 
provided for time-averaged removal by the hybrid filtration system without providing 
for detailed understanding on viral removal throughout the hybrid coagulaton-
flocculation-MF/UF process. Further, few studies have incorporated the interplay of 
upstream removal processes on the performance of downstream disinfection processes. 
One such study was previously conducted on the effect of upstream coagulation-
flocculation-sand filtration process on UV disinfection and that different stages of sand 
filtration affected UV disinfection to various degrees (Templeton et al. 2005). Yet, no 
known study have been conducted on the evaluation of full-stream coagulation-
MF/UF-UV disinfection on enteric virus removal, and the effect of continuous 




6.2 Virus Removal by MF/UF Filtration 
With an isoelectric point of 3.9 and a nominal molecular weight of approximately 2000 
kDa (Wick & McCubbin), MS2 provides the worst case scenario for the study of virus 
removal using membranes. Because it has been recognized as a suitable surrogate for 
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enteric viruses and a conservative surrogate for protozoa during membrane filtration 
(USEPA, 2005), it was therefore adopted in this study as a representative of enteric 
viruses.  
 
In the initial phase, MS2 was used as a surrogate for enteric virus removal during 
upstream MF/UF filtration without any coagulation pre-treatment. This was to 
determine virus removal capabilities of both the PVDF MF and PES UF membranes. 
Results of MS2 removal by 0.22 µm Millipore MF membrane over time are presented 
graphically in Figure 6-1. At all three pH values evaluated, low levels of MS2 removal 
were observed. MS2 removals were < 0.5log under all conditions. This was similar to 
that observed in a few other studies (Fiksdal & Leiknes, 2006; Zhu et al. 2005) where 
pre-coagulation was not rendered. However, there were others who noted the contrary, 
where high removal performances were possible with MF. MS2 removal have been 
found to range from 1.7 – 2.9log with a 0.2 µm hollow-fiber MF membrane, which had 
pore size 10 times of that of MS2 (Coffey et al. 1993).  
 
It was observed that as filtration time increases (i.e. permeate volume increases), 
fluctuating MS2 rejection was observed. Permeate collected at 50, 100 and 200 ml 
filtrate point indicated that maximum fluctuation occurred at the start of MF filtration, 
where a sudden increase in MS2 rejection was observed, followed by a gradual 
reduction until stability was attained at a very low rejection level. At the start of 
filtration, highest rejection was observed at pH6, followed by pH 7 and 8. This clearly 
indicated the role of surface phenomenon on MS2 adsorption and hence rejection by 
the MF membrane. 



























PVDF MF @ pH 6
PVDF MF @ pH 7
PVDF MF @ pH 8
 
Figure 6-1  MS2 removal by 0.22 µm PVDF MF membrane 
 
According to Figure 6-2, the zeta potential of the hydrophobic (GVHP) MF membrane 
decreased as pH increased. In correspondence MS2, which has a pI of 3.9, also has 
negative surface charges at the pH ranges evaluated in this study. This was therefore 
explanatory for the higher level of adsorption to the membrane at pH6, and hence 
higher rejection at the initial phase where adsorption was prevalent. Furthermore, at 
pH6, which was closer to the pI of MS2, MS2 particles were more likely to clump than 
at pH8 and hence, MS2 could be rejected by adsorption onto the membrane or pore 
clogging following slight aggregation of MS2 particles especially at pH6 (Langlet et 
al., 2007). Therefore, this enhances the rejection of MS2 at the lower pH evaluated. As 
the adsorption sites become saturated over time, a gradual decline in MS2 rejection 
was observed and the rejection became negligible. However, Fiksdal & Leiknes (2006) 
noted that within the pH range of 6.7 to 8.3, virus self-aggregation was not an 
important factor in virus retention by MF/UF membranes. 




Figure 6-2  Zeta potential of clean membrane GVHP (adapted from Schäfer, 1999) 
 
Consequently at pH8, negative charges on MS2 surfaces served as repelling forces that 
kept MS2 non-aggregated. Together with the larger amounts of negative charges on the 
membrane surface, lower rejection of MS2 was observed at pH8. Nevertheless, small 
amounts of MS2 were still removed at pH8, though the removal was not as high as that 
at pH6. This slight rejection observed at pH8 was due likely to hydrophobic attraction 
forces between the MS2 surfaces among MS2 bacteriophages, as well as the 
interaction with the hydrophobic (GVHP) membrane surfaces. Madaeni (1999) 
documented that the more a surface is charged (i.e. at higher pH), the lower the 
hydrophobicity (Madaeni, 1999). However at pH8, despite the relatively high negative 
charges on the MS2 bacteriophage surface as compared to that at pH6, the weak 
hydrophobic attrations between one MS2 bacteriophage with another, as well as their 
hydrophobic attraction with the membrane surface could contribute to the small 
amounts of MS2 removal at pH8. Mozes and Rouxhet (1990) had also commented that 
hydrophobicity may be involved in interactions of microbial cells with other cells, and 
with liquids and solids (adhesion).     
 
Likewise, fluctuating MS2 rejection was observed by Madaeni et al. (1995) with 
GVHP membranes, where an initial high level of rejection was observed. Once the 
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most accessible adsorption sites have been saturated, viruses were simply transmitted 
through the membrane (Madaeni et al. 1995) and only approximately 92% rejection 
was possible. Madaeni et al. (1995) later observed a gradual increase in rejection, 
which was attributed to the slow changes in the permeability to the solute and solvent 
as a result of further deposition on and within the membrane. However, such a 
phenomenon was not observable in this study probably because of the absence of 
colloidal compounds which may aid in pore clogging and cake formation to provide 
for enhanced virus removal. Indeed, some have advocated that pore size alone is not a 
good indication of virus removal and that important factors for adsorption of viruses to 
membranes include the chemical composition of the membrane, ratio of membrane 
pore diameter to virus diameter and hydrophobic and electrostatic interactions 
(Madaeni et al. 1995).  
 
Results of MS2 rejection without the application of pre-coagulation prior to UF 
filtration are as illustrated in Figure 6-3. Five ml of permeate was collected for every 1 
L of synthetic feed water filtered, of which 500 μl was used for enumeration to obtain 
the MS2 concentration in the respective permeate. This was conducted to investigate 
the rejection capabilities of 100 kDa PES UF membranes without the application of an 
upstream coagulation process, and to understand the changes in rejection as filtration 
time increases.  






























100kDa PES UF@ pH6
100kDa PES UF@ pH7
100kDa PES UF@ pH8
 
Figure 6-3  MS2 rejection with 100 kDa PES UF membranes at pH 6, 7 and  8. 
Abbreviations of 1 L, 2 L, 3 L, 4 L represent rejections at the different stages of 
filtration (i.e. after filtration of 1, 2, 3 and 4 L of feed water, respectively) 
 
Overall, the time-average rejections at pH6, 7 and 8 were 0.87, 0.91 and 1.17log, 
respectively. Overall, better time-averaged removal was observed at pH8 than pH6 and 
7. However, unlike MF filtration, pH appeared not to play a major role in MS2 
rejection by the UF membrane. Surface mechanisms such as electrostatic forces and 
hydrophobicity did not play a role in the rejection of MS2. Instead, UF rejection was 
evidently dominated by sieve retention. Unlike MF filtration where MS2 rejection 
increased and subsequently decreased to attain a stable stage, MS2 rejection by UF 
increased steadily as filtration proceeded. However, this subsequent increase in MS2 
rejection was accompanied by a gradual reduction in permeate flux (results not shown).  
  
In comparison to another study, MS2 rejection was found to be approximately 0.5log 
after 60 mins of filtration with a 30 kDa polypropylene (PP) hollow fibre UF 
membrane (Fiksdal & Leiknes, 2006). The poorer performance of the 30 kDa PP UF 
membrane could probably be attributed to the higher applied pressure of 13 psi as 
compared to 10 psi in this current study. In addition, the cross-flow action on the 
hollow-fibre surface could be an additional factor which tempered with cake formation 
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on the membrane surface and hence the build up of a secondary barrier for additional 
virus retention was limited. Likewise, Urase et al. (1996) also commented that 
complete virus removal was not attainable with UF membranes irregardless of their 
pore sizes. Differences in rejection and low virus removal by various UF or NF 
membranes were due to the existences of abnormally large pores than the specified 
nominal pore sizes (Urase et al., 1994). These results were in contrast to that observed 
by Madaeni et al. (1995) where a complete virus removal based on sieve retention was 
observed with a 30 kDa MWCO polysulphone (PS) membrane. Based on results 
obtained in this study and other related studies (Fiksdal & Leiknes, 2006; Urase et al., 
1996; Urase et al., 1994), complete removal of viruses by UF cannot be sufficiently 
ascertained under varying operational conditions. 
 
6.3 Effect of Coagulation-Flocculation on Infectivity of MS2 
To enhance virus rejection and to investigate the effect of coagulant dose on MS2 
removal by upstream MF/UF, a separate pre-coagulation test was conducted at three 
different alum doses (1, 5 and 10 mg Al3+/L) and three different pH conditions (6, 7 
and 8) that are relevant to drinking water applications. A 30 mins settling step was 
introduced to understand the effectiveness of MS2 adsorption onto the flocs. Samples 
were collected at a depth of less than 1 cm below the water level after the settling 
process. Results for coagulation with coagulant doses of 1, 5 and 10 mg Al3+/L at pH 6, 
7 and 8 are presented in Figure 6-4.  
 

































1mg Al3+/L @ pH6
5mg Al3+/L @ pH6




























1mg Al3+/L @ pH7
5mg Al3+/L @ pH7



























1mg Al3+/L @ pH8
5mg Al3+/L @ pH8
10mg Al3+/L @ pH8
 
 
Figure 6-4  MS2 concentrations in initial synthetic feed water and after each 
individual process during coagulation-flocculation at (a) pH 6 (b) pH 7 (c) pH 8. 
‘Initial’ denotes initial synthetic feed water; ‘Coagulation’ = after coagulation; ‘Coag-
Flocc’ = after coagulation-flocculation; ‘Settling’ = supernatant after settling’; 
‘Resuspension’ = after resuspension (i.e. just before MF/UF filtration). 
 
Initial MS2 concentrations were normalized in this section for easy comparison. MS2 
was enumerated from the synthetic feed water (Initial), after 3 mins of coagulation at 
140 rpm, after coagulation-flocculation (20 mins of flocculation at 40 rpm), after 30 
mins of settling and after resuspension at 100 rpm. All results clearly indicated the 
higher efficacy of virus adsorption to flocs and their increased settleability following 
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from the MS2 concentrations detected in the permeate phase after 30 mins settling. At 
higher coagulant doses of 5 and 10 mg Al3+/L, there were observable reductions in 
MS2 concentrations in the supernatant phase after settling. Coagulation-flocculation at 
1 mg Al3+/L, however, did not result in any significant MS2 reduction in the 
supernatant phase after settling irregardless of pH. This could be attributable to (1) the 
formation of extremely small flocs and subsequent adsorption of MS2 onto the flocs 
that were unable to settle or (2) negligible flocs formation and hence MS2 remained in 
suspended form. A comparison of MS2 concentration after coagulation-flocculation 
and that in the supernatant after settling was made in Table 6-1. This was done by 
subtracting the ‘MS2 concentration in the supernatant after settling’ from that of the 
‘synthetic feed water after coagulation-flocculation’.  
 
 
Table 6-1  Effect of MS2 removal by settling following coagulation-flocculation 
under different coagulation conditions. Difference in MS2 concentration ‘after 
coagulation-flocculation’ and that in supernatant after 30 mins settling (i.e. MS2 
concentration after coagulation flocculation minus MS2 concentration in supernatant) 
 
 Difference in MS2 
concentration (log pfu/ml) 
 pH 6 pH 7 pH 8 
1 mg Al3+/L 0.12 0 -0.25 
5 mg Al3+/L 0.76 1.07 0.43 
10 mg Al3+/L 1.07 1.02 0.58 
 
On the whole, coagulation-flocculation in the slightly acidic (pH6) and neutral pH 
ranges resulted in higher MS2 adsorption to flocs under all coagulant doses 
investigated. This was hence explanatory for the lower concentrations of MS2 in the 
supernatant after settling. 
 
Besides the effective adsorption at pH6 and 7, an interesting observation was made 
pertaining to the effect of coagulant dose on MS2 concentrations in the samples 
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collected after each individual step of the coagulation-flocculation-settling processes. 
At both pH6 and 7, average reductions of 0.81, 1.48 and 1.85log pfu/ml of MS2 were 
observed following the coagulation process with 1, 5 and 10 mg Al3+/L, respectively. 
The same phenomenon was also observed by Matsui et al. (2003) where an extreme 
decline in virus concentrations were observed after water samples were dosed with 
aluminium coagulants. This, however, was not observed when the viruses were mixed 
and adsorbed onto prehydrolyzed alum flocs.   
  
After the coagulation-flocculation process, the further reduction in MS2 concentration 
was observed, but at a lower rate, of 0.98, 1.48 and 1.95log pfu/ml, respectively for the 
1, 5 and 10 mg Al3+/L. These reductions were calculated with reference to the MS2 
concentrations in the initial synthetic feed water. Coagulation at pH8 for all three 
coagulant doses did not result in significant MS2 reduction as compared to that at pH6 
and 7. Overall, a larger reduction was observed at higher coagulant doses and at lower 
pH. This could be due the possibility of inactivation effect by the addition of 
coagulants or pH change during the coagulation-flocculation process. Previously, 
studies on coagulation-MF/UF filtration were only conducted on time-averaged 
concentrations of viruses in the filtrate and/or concentrations of viruses in filtrate 
throughout the entire duration of filtration (Fiksday & Leiknes et al. 2006; Matsushita 
et al. 2005; Zhu et al. 2005). These studies provided information on the amount of 
viruses removed by the hybrid coagulation-MF/UF system. However, detailed tracking 
of virus concentrations throughout the entire coagulation-flocculation-MF/UF process 
was not provided and therefore no knowledge on the status of infectious viruses in the 
upstream of MF/UF filtration was known. Lately, some studies had later diverted their 
focus on understanding upstream coagulation-flocculation mechanisms on virus 
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removal prior to MF/UF filtration. These uncertainties will be addressed later on in the 
following sections. Because coagulation-flocculation is a complex process involving 
changes in pH, formation of alum flocs and the adsorption of viruses onto flocs, the 
effect of these individual components on the viability of MS2 was thus evaluated.  
 
 
6.3.1 Effect of pH 
An isolated test was conducted to understand only the effect of pH on MS2 viability in 
the absence of coagulants. This was to ensure that other factors do not interfere to 
affect the infectivity of MS2. The pH viability test revealed that mildly acidic and 
neutral pH had a slight inactivation or aggregation effect on MS2 over the course of 
the 2 hr experimental period (Figure 6-5). Slight fluctuations were noted in the initial 
periods (t = 0 to 60 mins) of the test run at pH6. However towards the end of the test 
run, reductions in MS2 concentrations were noted during the experimental period of 90 
and 120 mins. Slight reductions in MS2 concentrations were observed at pH7. At the 
end of the 2 hr period, reductions in MS2 concentrations were 0.9, 0.4 and 0log at pH6, 
7 and 8, respectively. The time-averaged reduction over the course of 2 hr was 0.6, 0.5 
and 0.1 at pH6, 7 and 8, respectively.  
 
Figure 6-5  Effect of pH conditions on MS2 infectivity. MS2 enumeration was done 
prior to pH correction (“Original”) and at specified time intervals over a 2 hr duration. 
Continuous stirring was maintained at 40 rpm. 




Overall mildly acidic (pH6) and neutral conditions served as a contributing factor to 
the small amounts of MS2 reduction. In contrast, at a slightly alkaline pH (pH 8), 
negligible changes in MS2 concentrations were observed. The slight alkaline pH (pH8) 
appeared to have a stabilizing effect on the viability of MS2 bacteriophage. Such a 
claim was ascertained as the experiments under different pH conditions were 
conducted in parallel in three different jars with stirring at the same speed for 2 hrs. 
Feng et al. (2003) previously demonstrated that extreme pH conditions (beyond the 
range of pH 6–8) might lead to direct oxidation and dissociation of the capsid. Yet, 
Langlet et al. (2007) noted that reductions in MS2 concentrations at various pH were a 
consequence of clumping, which hence resulted in reduced PFU counts. However, 
aggregation was only significant at pH close to and below the pI of MS2. At pH6.7, 
3.9 and 2.5, mean values of PFU decrease (log C/Co) were observed to be 0.23, -1.11 
and -3.0 for MS2 in KCl after 4 hrs of stirring. Likewise, Shirasaki et al. (2009) noted 
that at pH6.8, particle sizes of Qβ and MS2 were within the range of 20-30 nm, which 
corresponded to their particle diameter which was previously reported for the two 
bacteriophages. It was therefore assumed that no virus-virus aggregation occurred and 
they existed stably as monodispersed particles when no coagulants were added. 
 
In this study, only slightly acidic (pH6.0) and alkaline (pH8.0) conditions relevant to 
drinking water applications were evaluated and the higher reductions of MS2 observed 
at pH6 could be a combination of inactivation and aggregation. Correspondingly, MS2 
concentrations were stable at pH8 and no reductions were observed. Nevertheless, 
regardless of whether virus concentration reduction was due to clumping or 
inactivation, these mechanisms were deemed favourable with regards to this study 
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where the objective was the subsequent removal by MF/UF and inactivation by UV 
disinfection.  
 
6.3.2 Effect of coagulant dose 
To test the effect of metal coagulant dose on MS2 viability, pH was maintained 
constant at pH8 throughout the experimental duration. Results from four different jar 
test conditions and their standard deviations are presented graphically in Figure 6-6. 
The “control” jar consisted of MS2 in the synthetic feed water at pH8 and all other 
conditions were kept similar except that no coagulant was added. The pH was 
maintained approximately constant due to the addition of alkalinity and also to the 
stringent monitoring of the pH during the coagulant addition stage. This was to 
eliminate the effect of pH on the change in MS2 concentration during this stage of 
study. Throughout the 4 hrs experimental duration whereby MS2 was maintained and 
stirred under gentle mixing conditions of 40 rpm, negligible reduction (0.16log) in 



































Figure 6-6  Effect of coagulant dose on MS2 viability with pH maintained 
constant at pH8 
 
 
After the addition of coagulants in varying amounts into the respective jars, the 
contents were stirred for 2 mins to allow for adequate mixing. A sample then collected 
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for enumerated. This was termed ‘t=0h’. With the onset of adding the aluminium-
based coagulant, a distinct reduction in MS2 concentration was observed with 10 mg 
Al3+/L at t = 0 hr whereas slight changes were observed for the jar with 1 and 5 mg 
Al3+/L. At t = 2 hr, MS2 log reductions in jars containing 1, 5 and 10 mg Al3+/L were 
1.2, 1.9 and 2.1log, respectively. By t = 4 hr, 1.7, 2.0 and 2.3log reductions were 
observed in comparison to the initial MS2 concentration in the respective jars at the 
initial phase prior to the addition of coagulants. There was an indicative trend that a 
higher coagulant dose led to a concurrently higher reduction in MS2 concentration. 
The viability of MS2 as reflected in the DAL assay was, however, probably not 
affected directly by the amount of coagulants added but by the amount of MS2 
adsorbed onto the alum flocs. Formally, it had been observed that MS2 bound onto 
flocs were inactivated and were no longer infective (Matsui et al. 2003; Matsushita et 
al. 2004; Matsushita et al. 2006). Therefore, the amount of reduction of MS2 reflected 
in the DAL assay was an indication of the amount of MS2 particles enmeshed/bound 
onto the flocs, and not by the alum dosage. Despite the lack of correlation between the 
amount of coagulant dose and the log reduction effectuated in this study, results 
obtained from this coagulant study and pH test indicated that low pH and the addition 
of aluminium-based coagulant did serve as a means of upstream reduction of MS2 
bacteriophage concentration, regardless of whether reduction was due solely to 
inactivation or to aggregation of viral particles. Therefore, the term ‘reduction’ will be 
used instead of “inactivation” to avoid ambiguity, 
 
Previously, only few studies put forth investigations of virus concentration changes 
during the upstream coagulation-flocculation process, some of which adopted RT-PCR 
methods for the measurement of total bacteriophages and the PFU methods to measure 
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infectious baccteriophages. Zhu et al. (2005) conducted a sidestream study and 
demonstrated that aluminium (1 and 5 mg Al3+/L) and ferric coagulation did not 
inactivate MS2 viruses. Shirasaki et al. (2009) later justified that infectious MS2 were 
reduced when MS2 was associated with alumninium-based flocs. However, upon floc 
dissociation at high pH and in the presence of beef extract, infectious MS2 
concentrations taken after rapid mixing and settling were almost completely similar to 
their initial concentrations prior to the coagulation process. The converse was observed 
for infectious Qβ, which did not recover to its initial value following floc dissolution 
methods. The polymeric aluminium species formed during hydrolysis of aluminium 
coagulant were suggested to sorb strongly to Qβ bacteriophages, either rendering them 
inactive or preventing their infectivity. Although the outcome of MS2 viability from 
Shirasaki et al. (2009) and Zhu et al. (2005) were similar, that MS2 was not inactivated 
by the coagulation-flocculation process, flocs dissolution methods were not adopted 
prior to DAL enumeration in Zhu et al. (2005) but yet no reduction in MS2 
concentrations.  
 
Conversely, another school of thought existed. During coagulation-flocculation, 
differences in total and infectious bacteriophages were not attributed to aggregation 
alone, but to virus inactivation during the coagulation process (Matsui et al. 2003; 
Matsushita et al. 2004; Matsushita et al. 2006). Reduction in infectious MS2 was 
attributed to factors such as adsorption to/entrapment in aluminium floc and the 
virucidal activity of the coagulant which hence rendered infectious MS2 inactive 
(Matsushita et al., 2006). Virus inactivation was observed by the addition of PACl 
(Matsui et al. 2003; Matsushita et al. 2004; Matsushita et al. 2006). Infectious virus in 
the floc mixture was found to be non-infectious (Matsushita et al. 2006) and the 
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virucidal activity of the aluminium coagulant played an important role in high virus 
removal by the hybrid system (Matsui et al. 2003). Fiksdal & Leiknes also observed 
0.6 – 1.4log reduction when coagulants were present but no inactivation in the absence 
of coagulants (Fiksdal & Leiknes, 2006). Conversely, when virus were adsorbed onto 
preformed aluminium hydroxide flocs, complete virus recovery was possible after the 
dissolution of flocs (Shirasaki et al. 2009).  
 
Thurman & Gerba (1988) commented that metal ions may inactivate viruses in a 
number of ways by binding electron donor groups on proteins or nucleic acids. 
Decarboxylation reactions may alter the function of molecules necessary for virus 
infectivity and hence result in inactivation. Alumnium oxide produces slight virus 
inactivation whereas more significant virus inactivation was possible with manganese 
dioxide and copper oxide (Thurman & Gerba, 1988). It was observed also that as the 
incubation time of virus and metal oxide increased, the level of inactivation increased 
(Murray, 1980).  
 
The amount of MS2 inactivated as indicated by DAL in this study could probably be 
due to the enmeshment within the aluminium flocs whereas those that were not 
enmeshed were more likely to be infective during DAL. In this study, the effect of floc 
hydrolysis was not considered because during water treatment processes, flocs are 
disposed of as sludge and hence only the infectivity of non-aggregated viruses in the 
mainstream treated water was a concern. Therefore, DAL was still adopted as a means 
to measure MS2 infectivity throughout this integrated coagulation-MF/UF study.  
  
CHAPTER 6  COAGULATION-MF/UF-UV DISINFECTION 
157 
 
6.4 Virus Removal by Coagulation-MF/UF Filtration 
Virus removal by coagulation-flocculation-MF process is as illustrated in Figure 6-7. 
Previously without upstream coagulation, the time-averaged MS2 removals by MF 
were 0.23, 0.11 and 0.06log at pH 6, 7 and 8, respectively. MS2 rejection was 
characterized by an initial increase in rejection, followed by a subsequent reduction as 
filtration time increased. As highlighted previously, this was due to the initial 
adsorption of MS2 onto the membrane surface, followed by a decline in rejection as 
the adsorption sites were saturated. Such a phenomenon was typical with MF of pore 
size 0.2µm, which is almost 10 times larger than that of MS2 (23-25 nm).  
 
Because the size of MS2 is almost 10 times smaller than that of MF pore size, its 
rejection by MF is highly dependent upon the efficiency of upstream coagulation 
process. To evaluate the effect of coagulant dose on MF rejection and on subsequent 
UV disinfection, a wide range of coagulant doses (0.5, 1, 2, 3 and 5 mg Al3+/L) was 
studied. Without the presence of colloids and natural organic matter (NOM), 
coagulation with 0.5 and 1 mg Al3+/L did not result in significant increases in MS2 
rejection as compared to that without pre-coagulation (p value > 0.05). At these low 
coagulant doses, the time-averaged MS2 rejection by MF was between 0.57 to 1log. At 
higher coagulant doses, MS2 rejection increased progressively to > 4log at a coagulant 
dose of 5 mg Al3+/L (Figure 6-7).  
 
Slight to gradual increases in MS2 rejection with increasing filtration time were 
observed at all coagulant doses, with the exception of that at 5 mg Al3+/L, pH7 where 
the time-averaged MS2 removal was 5log. With 5 mg Al3+/L, coagulation at pH6 and 8 
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resulted in gradual increases in MS2 rejection as filtration time increased. Their time-




Figure 6-7  MS2 concentrations and removal at each stage of hybrid coagulation-
flocculation-filtration step with MF filtration at (a) 1 mg Al3+/L and (b) 5 mg 
Al3+/L. Initial: original MS2 concentration; Coagulation: MS2 concentration after 
coagulation; Coag-flocc: MS2 concentration after coagulation-flocculation; Settling: 
MS2 in supernatant after 30 mins settling; Resuspension: MS2 concentration following 
resuspension of flocs at 100 rpm; 100 ml: MS2 concentration in MF permeate after 
filtering 100 ml of synthetic feed water. Similar definition applies for 200 ml, 400 ml 
and 1000 ml. 
 
Coagulation at pH8 with coagulant doses of 1 and 5 mg Al3+/L resulted in initial low 
rejections based on MS2 enumeration from the 100 ml permeate point, followed by 
increased MS2 reductions in the subsequent sample collection points. This could be 
(a) 
(b) 
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due to the smaller flocs formed at pH8 and the poorer MS2 adsorption onto flocs, 
which hence resulted in poor MS2 rejection by MF membrane during the initial phase 
of filtration (results reflected by the low rejections during the 100 ml permeate point). 
This corresponded to results presented in Section 6.3 (Table 6-1), where lowest MS2 
reduction was observed during settling at pH8 as compared to pH6 and 7. Such a 
phenomenon of increasing MS2 rejection with increasing filtration time (Figure 6-7) 
implied that cake layer might be the dominant factor contributing to MS2 rejection. 
This was evident from the SEM photomicrograph provided in Figure 6-8, where pores 
were completely blocked by the cake layer formed on the surface of the MF 
membrane. Although such a phenomenon of increased MS2 rejection with the 
secondary cake layer is attractive based on the viewpoint of MS2 removal, it can be 
deemed as detrimental from another perspective. Following membrane fouling and 
hence hydraulic or chemical backwash of the membrane, the complete removal of the 
cake layer may no longer provide for any secondary barrier to the virus which may 
hence emerge in the MF permeate. The removal of the cake layour immediately after 
membrane cleaning is hence viewed as the worst case scenario for MS2 removal. This 
was observed by Farahbakhsh and Smith (2004) when increases in feed coliphage 
concentrations in the secondary effluent resulted in higher passages of coliphages 
though the MF membrane after it was cleaned but little impact was observed when the 
membrane was fouled.  
 
Figure 6-8a shows the clean MF membrane with the pores clear evident and Figure 6-
8b shows the MF membrane surface after filtration of coagulated flocs with 5 mg 
Al3+/L at pH8, where all the pores were completely blocked and a thick cake layer was 
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evident at the end of the filtration run. At low coagulant doses (≤ 1 mg Al 3+/L) and at 
pH8, cake layer built up over time, and increased MS2 rejection was observed. 
   
Figure 6-8  Photomicrograph of (a) clean MF membrane with irregular pore sizes 
and (b) MF membrane after filtration of coagulated flocs with 5 mg Al3+/L at 
pH6.  
 
Matsushita et al. (2005) also observed that although the hybrid system assured high 
time-averaged virus removal, virus removal at the start of filtration was only 
approximately 1 – 2log and gradual increase in virus removal was observed over time. 
With such a phenomenon prevailing, it was expected that following MF/UF backwash, 
MS2 rejection would be compromised. Further coagulation tests were henceforth 
conducted at this pH8, with coagulant doses of 2 and 3 mg Al3+/L (Figure 6-9).  
 
Results indicated that the same phenomenon was observed at these two coagulant 
doses. At 2 and 3 mg Al3+/L, the time-averaged removals were 1.8 and 2.4log, 
respectively. This was concurrent with the increase in coagulant dose from 0 to 5 mg 
Al3+/L, which led to a corresponding increase in time-averaged MS2 rejection as 
coagulant dose increased.  
(a) (b) 






































2mg Al3+/L + PVDF MF @ pH8 3mg Al3+/L + PVDF MF @ pH8
MS2 log removal @ 2mg Al3+/L MS2 log removal @ 3mg Al3+/L
 
Figure 6-9  MS2 concentrations during coagulation-flocculation-MF filtration and 
MS2 rejection by MF at coagulant doses of 2 and 3 mg Al3+/L. Initial: original MS2 
concentration; Coagulation: MS2 concentration after coagulation; Coag-flocc: MS2 
concentration after coagulation-flocculation; Settling: MS2 in supernatant after 30 
mins settling; Resuspension: MS2 concentration following resuspension of flocs at 100 
rpm; 100 ml: MS2 concentration in MF permeate after filtering 100 ml of synthetic 
feed water. Similar definition applies for 200 ml, 400 ml and 1000 ml. 
 
To provide a further understanding on the effect of coagulant doses on MS2 rejection 
by MF versus that by settling, the concentrations of MS2 removed during the 
intermediary settling step and the MS2 concentrations in the initial MF permeate 
sample collection point (i.e. 100 ml permeate point) were compared. Characteristics of 
upstream reduction by settling following coagulation-flocculation at different 
coagulant doses and pH are represented in Figure 6-10a and the initial reduction 
following MF filtration of 100 ml of synthetic feed water in Figure 6-10b.  
 
Results from Figure 6-10a indicated that at alum doses of 1 and 5 mg Al3+/L, 
infectious MS2 reductions by settling at pH6 and 7 were higher than that at pH8. This 
indicated that at pH 6 and 7, higher MS2 concentrations were adsorbed onto alum flocs 
and therefore, lower concentrations of MS2 were enumerated using the DAL assay. At 
pH6, MS2 reduction by settling with coagulant doses of 0.5, 1 and 5 mg Al3+/L were 
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0.1, 0.8 and 1.8log, respectively. On the other hand, at pH 8, MS2 reduction by settling 
were 0.1, 0.2, and 1.3 log, respectively, at coagulant doses of 0.5, 1 and 5 mg Al3+/L.  
 
  .. 
 
Figure 6-10  Comparison of MS2 removal by (a) upstream settling and (b) MF 
filtration following coagulation-flocculation. 
 
Irregardless of pH, coagulation at alum doses of ≤ 1 mg Al3+/L resulted in comparable 
MS2 removal by settling and MF filtration (based on the 100 ml permeate point), 
which were < 0.9log. MS2 reduction by settling and filtration were directly 
proportional at low coagulant doses of ≤ 1 mg Al 3+/L. This indicated that at such low 
doses, insufficient retention was possible with MF and removal was as low as that of 
settling. However, at coagulant doses beyond that (i.e. 2 – 5 mg Al3+/L), MS2 








0.5 1 2 3 5 
























0.5 1 2 3 5 





















CHAPTER 6  COAGULATION-MF/UF-UV DISINFECTION 
163 
 
coagulant doses up to 5 mg Al3+/L, MS2 reduction by settling was only 1.3log whereas 
at the same coagulant dosage, MS2 rejection based on the 100 ml permeate collection 
point was 3.7log. This was indicative that at low doses, settling provided by 
conventional treatment could result in the same removal of MS2 as direct MF 
filtration. However, at doses of 2 – 5 mg Al3+/L (i.e. within the ranges investigated in 
this study), coagulation-MF filtration was able to provide for higher virus removal 
efficiencies. Much high coagulant doses would be required for conventional 
coagulation-flocculation-sedimentation-sand filtration, should there be a need to attain 
the same level of MS2 rejection as that of MF with pre-coagulation at lower alum 
doses.  
 
Results in this section supported the claims in Sections 6.3.1 and 6.3.2 that MS2 
enmeshed within the alum flocs were aggregated/inactivated more efficiently during 
the coagulation-flocculation process at pH6 and 7 as compared to pH8. Furthermore, 
higher coagulant doses at these two pH resulted in more floc formation and hence, 
more MS2 were enmeshed with the flocs which rendered them inactivate (as indicated 
in their lower counts from DAL assay). This thus resulted in their higher removal 
during the settling process, and hence a smaller MS2 concentration in the supernatant.  
 
MS2 concentrations for coagulation-flocculation-UF and MS2 rejections by UF 
filtration are illustrated in Figure 6-11. With UF filtration, the effect of coagulant dose 
on MS2 rejection was not as significant as that by MF. Without pre-coagulation, the 
time-averaged MS2 rejection by UF was 0.87, 0.91 and 1.17log at pH 6, 7 and 8, 
respectively. With 1 mg Al3+/L, without considering upstream reduction by 
coagulation-flocculation, UF alone accounted for 4.7 – 5.1log time-averaged rejection 
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of infectious MS2 (Figure 6-11a) whereas MS2 rejection at the 1 L permeate collection 







































1mg Al3+/L + 100kDa UF@ pH6
1mg Al3+/L + 100kDa UF@ pH7
1mg Al3+/L + 100kDa UF@ pH8
MS2 log removal @ pH6
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5mg Al3+/L + 100kDa UF@ pH6
5mg Al3+/L + 100kDa UF@ pH7
5mg Al3+/L + 100kDa UF@ pH8
MS2 log removal @ pH6
MS2 log removal @ pH7
MS2 log removal @ pH8
 
Figure 6-11  MS2 removal at each stage of hybrid coagulation-flocculation-
filtration step with UF filtration at (a) 1 mg Al3+/L and (b) 5 mg Al3+/L. Initial: 
original MS2 concentration; Coagulation: MS2 concentration after coagulation; Coag-
flocc: MS2 concentration after coagulation-flocculation; Settling: MS2 in supernatant 
after 30 mins settling; Resuspension: MS2 concentration following resuspension of 
flocs at 100 rpm; 1 L: MS2 concentration in MF permeate after filtering 1 L of source 
water. Similar definition applies for 2 L and 4 L. 
 
Unlike MF, the initial rejection at the 1 L permeate point for UF was higher, and 
consistency was maintained even at the 2 L and 4 L permeate collection points. UF 
(a) (b) 
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filtration with pre-coagulation (1 mg Al3+/L) at both pH6 and 7 registered consistently 
high rejection of > 4.5 and > 4.8log, respectively, with the exception of pH8 where 
gradual increment of MS2 rejection was observed from 3.0 to 5.5 and 6.7log at the 1 L, 
2 L and 4 L permeate sample points. This phenomenon appeared to be similar to that 
of MF at the lower coagulant doses (≤ 2 mg Al 3+/L) when coagulation was conducted 
at pH8. 
 
With 5 mg Al3+/L, MS2 rejections were relatively consistent over filtration time. The 
time-averaged MS2 rejection alone was > 5.8log (Figure 6-11b) for all pH tested. With 
the inclusion of upstream coagulation-flocculation with UF filtration, high MS2 
reductions of > 6.6log and > 7.6log could be attained with coagulant doses of 1 and 5 
mg Al3+/L, respectively under both pH conditions of 6 and 7. These results indicated 
that with 100 kDa UF filtration, a coagulant dose of 1 mg Al3+/L could easily result in 
high levels of rejections (> 4log), and that MS2 rejection did not increase significantly 
with filtration time, unlike that with MF filtration. This was with the exception of 
coagulation at pH8 whereby virus removal increased with increasing filtration time. 
With UF, relatively high rejection of MS2-associated flocs occurred at the start of 
filtration and the buildup of cake layer served little to aid in further increase in MS2 
rejection as compared to MF filtration.  
 
Overall, without considering the settling step, two stages of MS2 concentration 
reduction were observed for the hybrid system. Prior to MF filtration, an initial stage 
of MS2 reduction occurred via the inactivation of infectious MS2 bacteriophages by 
the enmeshment within the alum flocs. This was followed by a 2nd stage reduction 
during the MF/UF filtration as MS2-associated flocs were retained behind the 
membranes. The reduction in MS2 concentration during the 1st stage was a result of 
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coagulant addition, and varied when coagulation was conducted at different pH levels 
and different coagulant doses. Immediately after coagulation, reductions in MS2 
concentrations were observed at all coagulant doses, in particularly at pH6 and 7. At 
pH8, reductions in MS2 concentrations were not as significant. A higher reduction 
could be brought about at pH6 and higher coagulant dose as compared to pH8 because 
aggregation/inactivation mechanisms prevail under those conditions. This was justified 
by results obtained from the intermediary settling step, where MS2 concentrations in 
the supernatant were higher at higher pH (i.e. MS2 that were not adsorbed onto flocs 
were deemed as infectious bacteriophages). At coagulant doses of 1 and 5 mg Al3+/L, 
reduction of infectious MS2 were 0.8log and 1.8log, respectively, at pH6. In contrast, 
at pH 8, coagulation at doses of 1 and 5 mg Al3+/L resulted in MS2 reductions of 0.2 
and 1.3log, respectively. During the 2nd stage reduction in MS2 concentration, 
however, time-averaged MS2 rejection by MF only provided better performances at 
pH 8 as compared to pH6. This was in contrast to the upstream coagulation-
flocculation process, where a higher MS2 reduction was observed at lower rather than 
higher pH. Time-averaged MS2 reduction by MF filtration (without considering 
reduction during coagulation-flocculation) following coagulation at 1 mg Al3+/L was 
0.7, 1.0 and 0.9log and that at 5 mg Al3+/L was 4.1, 5.0, and 4.6log at pH 6, 7 and 8, 
respectively. 
 
Evidences from results suggested that pH and coagulant dose both served as 
contributing factors to upstream MS2 reduction prior to MF or UF filtration. A second 
stage of reduction was further rendered by retention behind the membrane. Therefore, 
to allow for optimal MS2 removal, suitable upstream inactivation and hence floc 
formation can be adopted prior to MF/UF filtration to allow for maximal reduction 
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(upstream) and followed by retention by membrane. Upstream reduction of MS2 could 
be increased at lower pH, which led to enhanced MS2 aggregation/inactivation and 
subsequent adsorption/enmeshment into alum flocs as compared to pH8. Coagulation-
flocculation at pH6 also resulted in improved adsorption of MS2 onto alum flocs, 
which hence led to a more consistent removal by the membranes, particularly MF 
membrane. This was in contrary to that at pH8, where lower rejections were observed 
at the start of filtration, which gradually increased as filtration time increased. This 
phenomenon was deemed as detrimental to downstream disinfection processes because 
of the anticipated low reduction in MS2 rejection immediately following MF 
membrane backwash. With regards to the coagulant dose, a change in coagulant dose 
had a higher impact on MS2 removal by MF as compared to UF.  
 
To mimic real-case scenarios, the study was further extended to the addition of 
colloidal matter, to understand the effect of the alum floc on MS2 infectivity and 
removal by coagulation-MF/UF filtration. Results shown previously demonstrated that 
in the absence of colloidal matter, the infectivity of MS2 was drastically reduced under 
appropriate conditions during the coagulation-flocculation process due to the 
enmeshment of MS2 within the alum flocs which led to its loss in infectivity. Based on 
the optimized results obtained previously, alum doses of 5 and 1 mg Al3+/L were 
chosen for the MF and UF filtration, respectively, in the presence of colloids. 
Coagulation-flocculation were conducted at pH6 for both conditions.  
 
Results of the hybrid MF process in the treatment of synthetic water spiked with 1 and 
5 NTU of Formazin turbidity are presented in Figure 6-12. In the presence of turbidity, 
the trends of MS2 concentration were similar to that as presented previously without 
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turbidity addition. Two stages of reduction were also observed during the upstream 
coagulation-flocculation and also the MF filtration process. However, it was noted that 
at the higher turbidity level of 5 NTU, the reduction in MS2 concentrations during the 
two stages were more pronounced than that with turbidity levels of ≤ 1 NTU.  
 
Differences in MS2 concentrations were observed following the coagulation-
flocculation, settling and filtration steps. After coagulation-flocculation, reductions in 
MS2 with respect to the initial concentration in the synthetic feed water were 1.9, 1.5 
and 2.5log at turbidity levels of 0, 1 and 5 NTU respectively. During the settling step, 
MS2 reductions were 3.7, 3.5 and 4.4log, respectively. With MF filtration (based on 
the 100 ml permeate collection point), reductions in MS2 concentrations with respect 
to that during the re-suspension step were 3.7, 4.0, and 4.2log at turbidity levels of 0, 1 



































1 NTU (5 mg Al/L + MF)
5 NTU (5 mg Al/L + MF)
MS2 log removal (1NTU)
MS2 log removal (5NTU)
 
Figure 6-12  Coagulation-MF filtration in the presence of 1 and 5 NTU of 
turbidity, with alum dose of 5 mg Al3+/L.  
 
Consequently, the time-averaged removals by MF membrane (i.e. without taking into 
account the removal by upstream coagulation-flocculation processes) were 4.2log and 
4.6log, respectively at 1 and 5 NTU. On the whole, the presence of slightly higher 
turbidity level of 5 NTU provided for higher adsorption onto alum flocs (as indicated 
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by the higher removal during settling), and hence the higher levels of rejection by the 
MF membrane. On the contrary, Matsui et al. (2003) noted that the virucidal effect on 
viruses was lower when river water rather than ultrapure water was used during the 
coagulation-flocculation process. It was assumed that NOM in the river water appeared 
to depress the virucidal effect of the aluminium flocs. Because NOM can also be 
removed via aluminium coagulation via adsorption or charge neutralization by the 
hydrolysis-precipitation reactions of the aluminium coagulant, aluminium-NOM 
precipitates results from the addition of aluminium coagulants (Letterman et al., 1999). 
Therefore in the presence of both virus and NOM, the competitive interaction of virus 
and NOM with aluminium coagulant results in reduced virucidal effects (Matsui et al., 
2003). 
 
Results for UF filtration with pre-coagulation at an alum dose of 1 mg Al3+/L are 
shown in Figure 6-13. Upstream coagulation-flocculation removal was similar to that 
of MF in Figure 6-12 since the same synthetic water matrix with 1 and 5 NTU 
turbidities were used. Only the MS2 removal by filtration differed between these 
Figures 6-12 and 6-13.  
 







































1 NTU (1 mg Al/L + UF)
5 NTU (1 mg Al/L + UF)
MS2 log removal (1NTU)
MS2 log removal (5NTU)
 
Figure 6-13  Coagulation-UF filtration in the presence of 1 and 5 NTU of 
turbidity, with alum dose of 1 mg Al3+/L 
 
With UF filtration (i.e. with respect to MS2 concentration after resuspension), the 
time-averaged removal were 4.7, 4.9 and 5.4log for turbidities of 0, 1 and 5 NTU, 
respectively. Unlike MF filtration where the introduction of 1 NTU of turbidity did 
little on the effect of the hybrid coagulation-flocculation-MF filtration process, 
increased rejection of MS2 was observed during UF filtration. An overall increase in 
time-averaged rejections by UF was observed as turbidity levels increased from 0 to 5 
NTU. At higher turbidity levels, enhanced MS2 removal could be possible during the 
start of UF filtration but a decline was anticipated at an earlier stage as filtration 
proceeded. Based on the 1 L permeate point, MS2 reductions of 4.9, 4.9, and 5.3log 
were observed at turbidity levels of 0, 1 and 5 NTU, respectively. It appeared that even 
at 1 NTU, the effect of turbidity on MS2 reduction during filtration was higher for UF 
as compared to MF. As mentioned previously, the spiking of 1 NTU of turbidity did 
not affect MF rejection. However, at 5 NTU, MS2 rejection was improved during both 
MF and UF filtration. Likewise, Madaeni et al. (1995) observed that virus removals 
were enhanced when MF filtration was done with the presence of biomass and virus. 
Despite the absence of a pre-coagulation process, enhanced virus removal was possible 
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due to the adsorption of smaller viruses onto the surface of biomass, which were hence 
retained by the MF membrane (Madaeni et al. 1995). At these coagulation doses 
evaluated in this study, consistent MF and UF removal were attainable in a laboratory-
scale setting. However, during long term MF/UF operation, virus and turbidity 
rejection may be compromised and the reduction of flux would be expected as cake 
layer builds up. 
 
6.5 Effect of LP UV disinfection on virus in permeate following coagulation-
MF/UF 
The effect of LP UV disinfection on permeates collected at different points during MF 
and UF filtration are represented graphically in Figure 6-14. Without the addition of 
coagulants prior to membrane filtration, inactivation rates K of MS2 following MF and 
UF filtration were in the range of 0.0480 – 0.0485 at pH6, 7 and 8. These inactivation 
rates K were obtained from the construction of the UV dose response curve of MS2 in 
the respective permeates. Inactivation rates of MS2 in MF and UF permeates were 
found to be independent of the MS2 concentrations in the permeates.  
 
As coagulant dose increased, MS2 concentrations in the MF and UF permeates 
decreased accordingly, due to enhanced retention. With UV disinfection of MF and UF 
permeate, MS2’s susceptibility was also highly increased as compared to that of UV 
disinfection on unflocculated MS2 bacteriophage. 
 
 























































1mg Al3+/L w/o UF (coag-UV)
5mg Al3+/L w/o UF (coag-UV)
 
Fig. 6-14  MS2 inactivation rates during LP UV irradiation following upstream 
hybrid (a) coagulation-MF filtration and (b) coagulation-UF filtration. Effect of 
flocs was represented by direct coagulation-flocculation-UV, with coagulant doses of 1 
and 5 mg Al3+/L. Open data points represent coagulation at pH 6, grey coloured data 
points: coagulation at pH7 and black-coloured data points: coagulation at pH8. 
 
The inactivation rates of MS2 coagulated with 1 and 5 mg Al3+/L obtained from 
section 6.5 were included in Figure 6-14b as a reference point. At a pre-coagulation 
dose of 0.5 mg Al3+/L, the K value (resulting from coagulation and UV inactivation) 
ranged from 0.0486 – 0.0503, and at coagulant dose of 5 mg Al3+/L, from 0.0597 – 
0.0642. At coagulant doses > 1 mg Al3+/L, pH was also observed to have an effect on 
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Higher K values were observed at pH6 as compared to pH8. This was seen as a carry-
over effect from the negative effect of slightly acidic conditions on the viability of 
MS2. As established earlier, pH6 was known to result in slight inactivation of MS2 in 
contrast to inactivation at pH8. Previously, pH8 had a stabilizing effect on MS2 and 
negligible change in MS2 concentration was observed over a period of 2 hours in 
ultrapure water buffered with 0.3 mM NaHCO3. With regards to MF filtration, K 
values obtained from the 1000 ml permeate was mostly higher than that from the 100 
ml permeate. This phenomenon could have arisen due to nature of the experiment that 
was conducted in the stirred cell. The 100 ml permeate was collected at an earlier stage 
as compared to the 1000 ml permeate. MS2 that had yet to emerge from the 100 ml 
permeate would have remained in contact with the flocs behind the MF membrane for 
a longer period of time. This could have resulted in additional adsorption of MS2 
bacteriophages onto the flocs behind the MF membrane. Therefore, despite the 
increased adsorption of MS2 onto flocs prior to MF filtration, the increased time 
duration in which the MS2 bacteriophages were in contact with the alum flocs resulted 
in an increased inactivation rate K comprising of MS2 inactivation by MS2 association 
with flocs coupled with UV inactivation. This was similar to that observed by Fiksdal 
& Leiknes (2005), where reduction in MS2 concentrations were observed in the 
reservoir with increased contact with coagulants whereas no reduction in MS2 
concentrations were observed when no coagulants were added. At a dosage of 3 mg 
Al3+/L of polyaluminium chloride 1.0 – 1.3log inactivation were observed with 15 
mins pre-coagulation-flocculation, and 0.6 – 1.2log reduction during 60 min 
membrane filtration. To further ascertain the effect of MS2-associated flocs on UV 
disinfection, a further examination was done on the direct UV irradiation following 
coagulation (i.e. without the intermediate MF filtration).  




6.6 Effect of UV disinfection on coagulated virus 
Because of the likelihood of flocs breakthrough from MF filtration during long-term 
operation, the performance of UV disinfection of MS2 could be affected. To ascertain 
the effects of coagulated flocs on UV disinfection, and to evaluate the effects of alum 
flocs on MS2 inactivation, (i) coagulated MS2 (i.e. MS2-associated flocs) and (ii) 
coagulated MS2 + turbidity were subjected to direct UV irradiation without the use of 
MF/UF filtration. This was done to simulate breakthrough conditions during the course 
of MF filtration. Turbidity levels of 0, 1 and 5 NTU, and alum doses of 1 and 5 mg 
Al3+/L were evaluated. 
 
Results from UV inactivation of coagulated MS2 flocs are presented in Figure 6-15. 
Unlike a positive effect of the presence of slight turbidity on MS2 removal by 
upstream coagulation-MF/UF filtration as demonstrated earlier on, a negative effect 
was observed for UV disinfection. When MS2-associated flocs (without turbidity) 
were subjected to direct UV disinfection, an increase in MS2 inactivation rate was 
observed. With coagulant doses of 1 and 5 mg Al3+/L, MS2 inactivation rate was 
increased from 0.483 (without coagulation) to 0.508 and 0.636, respectively. Such a 
phenomenon was observed due to the inactivation of MS2 which were enmeshed 
within the alum flocs, in addition to inactivation by UV light. These rendered it non-
infectious during the DAL enumeration.  































LP UV dose (mJ/cm2)
LPUV (1mg Al/L)
LPUV (5mg Al/L)
LPUV (1NTU + 1 mg Al/L)
LPUV (5NTU + 1 mg Al/L)
LPUV (1NTU + 5 mg Al/L)
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LP UV of MS2 alone
 
Figure 6-15  UV dose response of MS2 in the presence of alum flocs and turbidity 
(1 and 5 NTU). Linear regressions of MS2, MS2 (coagulated with 1 mg Al3+/L) and 
MS2 (coagulated with 5 mg Al3+/L) are represented by the fine dotted line, dashed line 
and the continuous line, respectively. 
 
At a low turbidity of 1 NTU, minimal effect was observed on MS2 inactivation for 1 
and 5 mg Al3+/L as compared to that for coagulated MS2 without the presence of any 
turbidity. Inactivation rates of MS2 for conditions “1 NTU + 1 mg Al3+/L” and “1 
NTU + 5 mg Al3+/L” were 0.0504 and 0.0616, respectively. However, when turbidity 
was increased from 1 to 5 NTU, UV disinfection efficiency was compromised, due 
probably to particle shielding by Formazin, which was in the size range of 1 – 5 μm. 
With a turbidity of 5 NTU, UV disinfection of coagulated flocs under conditions of “5 
NTU + 1 mg Al3+/L” and “5 NTU + 5 mg Al3+/L” were 0.0489 and 0.0589. Though 
lowered, these inactivation rates were, however, still higher than that of UV 
inactivation on MS2 alone with neither coagulation nor the presence of any turbidity. 
Changing the coagulant dose affected the K value more than the addition of turbidity 
under conditions evaluated in this study. It appeared that the negative effect of 
coagulants on MS2 was more adverse than the positive effect of turbidity.  
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A breakdown of the effect of various conditions on MS2 infectivity is summarized in 
Table 6-2.  
 
Table 6-2  Summary of results on MS2 inactivation in alum flocs coupled with UV 
disinfection 
 
Conditions Observed# Log reduction 
1 mg Al3+/L 1.10 - 
5 mg Al3+/L 2.10 - 
20 mJ/cm2 1.00 - 
1 mg Al3+/L + 20 mJ/cm2 0.96 2.10* 
5 mg Al3+/L + 20 mJ/cm2 1.38 3.10* 
*calculated 
# obtained from experimental results 
 
In the real water matrix, the interplay or interference would be higher than that 
observed in this laboratory-scale study where MS2 inactivation was investigated by 
stages (firstly coagulation, followed by the addition of colloids). Results obtained 
earlier clearly indicated that MS2 were inactivated when enmeshed within alum flocs. 
They were therefore not infective when enumerated using DAL assays. Although a 
previous study demonstrated that some of the enmeshed MS2 were only temporarily 
inactivated (Matsushita et al, 2004), this was not a concern in this study. Only the 
infectivity of MS2 within the main stream integrated coagulation-MF/UF-UV 
disinfection was of concern. Subsequently, turbidity was introduced into the synthetic 
water matrix. It was deemed that in the presence of turbidity, particularly at 5 NTU, a 
slight negative impact on UV disinfection was observed. This was however not so with 
a turbidity of 1 NTU where minimal effects was observed. Although a slight negative 
effect was observed with the presence of turbidity, the inactivating effect caused by the 
coagulant still dominated.  
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The previous sections have provided results on effect of UV disinfection based on 
different case scenarios during different phases of upstream coagulation-MF/UF 
filtration. The batch scale filtration provides for information on coagulation-MF/UF 
filtration using virgin membranes which were not subjected to continuous usage and 
backwash. It also evaluated the changes in virus rejections as filtration time increases 
under various upstream coagulation-flocculation processes. In the next section, results 
on a laboratory-scale semi-continuous coagulation-MF filtration results would be 
presented. This would involve the investigation of MS2 removal by coagulation-MF 
using previously optimized conditions under prolonged operation with hydraulic 
backwash in a laboratory-scale setting.  
 
6.7 Performance of continuous coagulation-MF filtration and effect of 
backwash on virus removal 
Earlier sections of this study focused on the use of virgin MF and UF membranes, the 
effect of coagulant doses on MS2 concentration in permeates, and their effect on 
downstream UV disinfection. However, in real-world situations, membranes are 
subjected to both hydraulic and chemical backwash. Results from earlier sections 
indicted that at low coagulant doses, initial virus rejections by MF membrane was 
comparatively lower than that at the end of the filtration run. This suggested that under 
such circumstances, following backwash and hence the removal of the cake layer, such 
a phenomenon could also be observed. This would inevitably affect the efficacy of 
downstream process and the amount of disinfectant to be rendered.  
 
Previously, some studies have noted that immediately after backwash, removal of 
viruses varied from 0.15log to almost 3log with MF filtration whereas E. coli and B. 
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subtilis were removed by > 6log (Panglisch et al., 1998). Virus rejection decreased 
especially after backwashing of the MF membrane. Such a phenomenon occurred even 
though turbidity and particles > 0.5 µm were removed beneath the detection limit 
(Panglisch et al. 1998). On the other hand, Kothari and Taylor (1998) observed that 
there was no effect of backwash on filtrate turbidity and particle counts (2 – 5 µm) 
emerging from a pilot scale MF system. Shirasaki et al. (2008) advocated that 
hydraulic backwashing did not have any impact on virus rejection, and that virus 
rejection would not decrease following hydraulic backwash because of the 
accumulation of irreversible foulant which played an important role in virus removal. 
 
This was unlike the UF membrane, where virus removal was maintained consistently 
at a high level. Jacangelo et al. (1997) demonstrated that UF was capable of meeting 
SWTR requirements without the use of chemical disinfectants, and that 6.5log of virus 
removal was achieved from untreated source waters. Furthermore, online measurement 
of turbidity did not indicate any turbidity breakthrough upon continuous operation and 
intermittent backwash of the UF membrane. On the whole, UF have been shown to be 
capable of consistently reducing tubidities to below 0.1 NTU regardless of the level of 
influent turbidity (Jacangelo et al., 1997). Hence, it is predictable that particles/viruses 
which emerge from UF will only affect UV disinfection to a minor extent due to the 
minimal penetration of MS2 flocs from the UF membrane. Any possible escape of 
MS2 into the UF membrane permeate could likely be a result of insufficient 
coagulation, which led to MS2 particles that are not associated with the alum flocs. 
However, such an occurrence is less likely to occur as compared to MF and lower 
coagulant doses (1 mg Al3+/L) were required prior to UF filtration to guarantee high 
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MS2 removals of > 4.7log. Therefore, virus removal served as a more pressing 
challenge to MF filtration. 
 
With the laboratory-scale hollow-fibre MF membrane, MS2 removal of 1.9log could 
be attained at the start of the filtration cycle when no coagulants were added. However, 
as filtration proceeded, MS2 removal fluctuated between 0.1 – 0.9log. The initial 
removal by the MF membrane could be characterized by the initial adsorption of MS2 
onto the membrane surface as demonstrated in the batch study conducted previously. 
However, subsequent rejection by the hollow fibre MF was insignificant. Following 
the saturation of adsorption sites, minimal rejection by the MF membrane was 
observed without pre-coagulation. Inconsistencies were observed throughout and the 
system was terminated without the initiation of any backwash. 
 
With pre-coagulation at 5 mg Al3+/L, higher rejections of > 5log were observed from 
the start of MF filtration (Figure 6-16). Both MS2 percentage removal and MS2 log 
removal were presented as the feed synthetic water matrix was prepared regularly, 
which hence resulted in slight fluctuations MS2 in the initial water matrix. This was 
done because of the slight reduction in MS2 viability over time (days) in the synthetic 
feed when the system was in operation. Presenting the MS2 log removal hence does 
not provide sufficient information on the efficacy of MS2 removal at different points in 
time when fresh batches of synthetic feed were prepared.  
 








































Figure 6-16  MS2 log removals, MS2 percentage removals and TMP, as a function 
of filtration time. Physical backwash was conducted at T = 300 and 600 mins as 
indicated by the vertical lines. 
 
Despite high MS2 removal, initial rejection by the virgin MF membrane was slightly 
lower than that as filtration proceeded. Initial MS2 rejection were in the range of 5.1-
6log, where percentage removal fluctuated from 86 – 100%. Although coagulation was 
performed with 5 mg Al3+/L, which provided for an almost consistent removal for the 
batch test from the start of MF filtration, such a consistency was not maintained at the 
start of the continuous system. The sudden plunge in MS2 percentage reduction for 
two of the data points during the initial phase of filtration could not be ascertained. 
Nevertheless, rejection was rapidly restored back to 100% within a short time-frame.  
 
With the introduction of backwashing with ultrapure water, it was anticipated that 
slight reduction in MS2 rejection was likely to take place, based on findings from the 
batch coagulation studies. However, this was not evident based on results obtained 
from MS2 enumeration immediately following MF backwash. MS2 rejection still 
remained at 100% where no plaques were detected during DAL enumeration. The 
same phenomenon was observed following the 2nd backwash despite the reduction of 
CHAPTER 6  COAGULATION-MF/UF-UV DISINFECTION 
181 
 
TMP following membrane backwash. However, TMP was not entirely restored back to 
its original level at the start of filtration. Following the initial unstable MS2 rejection 
by the MF membrane, subsequent rejections remained high at ≥ 5.8log regardless of 
backwash at 600 mins. It appeared that the upstream coagulation-flocculation at the 
optimum coagulation-flocculation condition as evaluated during the batch study did 
not provide for an immediate constant MS2 rejection from the start of MF filtration 
using a virgin membrane. Yet, the consequence of a reduction in MS2 rejection by the 
MF following membrane backwash did not occur despite the absence of the cake layer 
following backwash. This was in contrast to results obtained by Panglisch et al. (1998) 
where reduction in virus removal was observed in a pilot-scale coagulation-MF 
filtration study.  
 
In a hybrid coagulation-MF study conducted by Shirasaki et al. (2007), it was observed 
that submicrometre flocs with virus particles enmeshed, can be entrapped onto the 
internal structure of MF pores whereas some of the virus particles might accumulate as 
part of the irreversible fouling of the MF membrane. The irreversible foulant, which 
was not removed by the hydraulic backwash, could therefore be the sole contributing 
factor to the maintenance of 100% MS2 rejection throughout the short-term filtration 
study. However, this laboratory-scale hybrid study could not be conducted long 
enough to ascertain whether serious scanarios of flocs breakthrough could happen 
during long-term operation. Likewise, a similar phenomenon was observed by 
Shirasaki et al. (2008). However, slight differences in results were noted. Irreversible 
membrane foulant formed during long-term filtration was able to substantially increase 
Qβ rejection but not that formed during short-term filtration. This was also noted by 
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Jacangelo et al. (1995) where irreversible fouling was found to increase MS2 rejection 
during long-term MF filtration.  
 
6.8 Summary 
This study demonstrated that the introduction of coagulation-MF/UF at optimum 
conditions can result in promising removal of viruses by low pressure membrane 
systems particularly by MF filtration. However, should MS2-associated flocs 
breakthrough from the membranes, the effect on downstream UV disinfection could be 
adverse. Unlike the low MS2 removal with both MF and UF without pre-coagulation, 
the addition of coagulant doses of 5 and 1 mg Al3+/L for MF and UF, respectively, 
could result in > 4log removal of MS2 bacteriophages from the water matrix. In the 
hybrid coagulation-flocculation-MF/UF filtration process, two stages of MS2 
reduction was observed. The first of which was the inactivation of MS2 due to an 
interplay of pH, coagulant and the enmeshment of MS2 within the alum flocs, and 
secondly, the rejection by the MF/UF filtration. MS2’s viability was found to be 
compromised by pH6 as compared to its stability at pH8. Reduction in MS2 
concentrations at pH6 was attributable to aggregation/inactivation. Furthermore, in the 
presence of coagulants when MS2 were enmeshed within alum flocs, infectivity of 
MS2 was impacted.  
 
At low coagulant doses, higher impact could be observed on downstream disinfection, 
especially with MF filtration. This was based on the tell-tale signs that coagulation 
with low coagulant doses of ≤ 2 mg Al3+/L resulted in low MS2 rejections at the start 
of filtration, followed by gradual increases as filtration time increased. This suggested 
that the cake layer could be the dominant factor in MS2 rejection. To simulate 
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breakthrough conditions from MF, UV disinfection of MS2-associated flocs was 
conducted and it was found that this resulted in increased MS2 inactivation. However, 
in the presence of turbidity at 5 NTU, UV disinfection was negatively affected. 
Nevertheless, the inactivation (positive effect) by the presence of coagulants was more 
dominant than the negative effect due to the interference by the turbidity. At a turbidity 
level of 5 NTU, and with coagulation conducted at 5 mg Al3+/L, direct UV inactivation 
resulted in MS2 inactivation rate of 0.0589, which was still higher than that of MS2 
alone (i.e. 0.0483). This provides a foresight of possible long-term membrane filtration 
and/or a compromise in MS2 rejection following backwash and hence the effect of 
flocs breakthrough on downstream UV disinfection. Although it was anticipated that 
MS2 rejection might be compromised immediately following backwashing, results did 
not indicate so. With the semi-continuous coagulation-MF system, only an initial 
fluctuation of MS2 rejection was observed in the range of 86-100%. As the duration of 
filtration increased, a gradual increase followed by consistent removal rate was 
maintained. Hydraulic backwash did not have any impact on MS2 rejection, which was 
maintained at 100% immediately following backwash. This was due probably to the 
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Current trends in water treatment technology have seen a paradigm shift in the type of 
challenge microorganisms during drinking water treatment. With the advent of UV 
disinfection and membrane filtration, bacterial and protozoan pathogens no longer pose 
as challenges as compared to viral pathogens. The UVDGM (USEPA, 2006c) has 
stipulated the need for UV reactors to be validated according the disinfection 
requirements of AD when viral pathogens are of concern. Likewise, membrane 
filtration, which is also provided in the LT2ESWTR toolbox, is also challenged by the 
limit of virus removal. Thus far, MS2 has been long established as an appropriate 
surrogate for enteric viruses during membrane filtration processes. Likewise, it has 
also been used as a conservative surrogate for most pathogens during UV disinfection. 
However, because of the requirements for UV disinfection of viruses using the UV 
dose requirements for AD inactivation, utilities are no longer equipped with the facets 
of accurately representing AD during UV disinfection. This chapter therefore looked 
into the current status of various bacteriophages as possible surrogates for AD during 
UV reactor validation when 4log inactivation of viruses is to be effectuated in 
accordance to the UVDGM (USEPA, 2006c). Besides biological surrogates, options of 
surrogates were also extended to the evaluation of various non-biological counterparts. 
This was then further extended to the evaluation of surrogates for the integrated 
coagulation-MF/UF-UV disinfection system.   
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7.2 Surrogates for UV disinfection 
7.2.1 Biological surrogates 
Bacteriophages’ susceptibility to UV was ranked with ΦX174 followed by Qβ, PRD1 
and MS2 in increasing order of resistance (Figure 7-1). With 10 mJ/cm2 of LP UV 
dose, 4.7log and 1.1log inactivation of ΦX174 and Qβ were achieved, respectively. At 
40 mJ/cm2, Qβ, PRD1 and MS2 were inactivated by 3.9, 3.3 and 2log, respectively. 





























Figure 7-1  UV dose responses of biological surrogates 
 
Based on linear regression, inactivation rates K for ΦX174, Qβ, PRD1 and MS2 were 
0.470, 0.099, 0.063 and 0.050, respectively and their UV dose requirements for 4log 
inactivation were tabulated as 8, 40, 63 and 80 mJ/cm2, respectively. All 
bacteriophages could be fitted linearly with high R2 values of ≥  0.98 whereas that of 
PRD1 was only 0.97. UV dose response for PRD1 corresponded more towards a 
second-order polynomial fit where R2 value was increased to 0.99. However, this trend 
differed from that obtained by Meng & Gerba (1996) and Shin et al. (2005). A 
graphical comparison of bacteriophages and different AD serotypes evaluated in 
different studies is shown in Figure 7-2. Both Meng & Gerba (1996) and Shin et al. 
(2005) observed linear UV dose responses for PRD1. Meng & Gerba (1996) conducted 
CHAPTER 7  EVALUATION OF SURROGATES 
186 
 
UV disinfection with UV doses ranging from 0 to 35 mJ/cm2, and found that 4.6log 
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Figure 7-2  Comparison of various bacteriophages and AD from different studies 
 
In this study, PRD1 was extremely susceptible to UV, with > 6log PRD1 inactivation 
when subjected to UV dose of 80 mJ/cm2. Results obtained by Meng & Gerba (1996) 
were relatively comparable to that obtained in this study, both of which, were evidently 
more susceptible to UV disinfection than AD. However, according to Shin et al. 
(2005), PRD1 was as resistant as AD2, with only modest inactivation achieved in the 
LP UV dose range of 0 to 140 mJ/cm2. At 120 mJ/cm2 of LP UV dose, > 4.25log 
inactivation was achieved for AD2, and with 140 mJ/cm2, 5.1 to 5.4log inactivation of 
PRD1 was possible. Shin et al. (2005) therefore recognized that PRD1 was a good 
representative of AD2 during UV disinfection. PRD1 appeared to be a good candidate 
for a convenient and reliable indicator virus to monitor or test the efficacy of UV 
disinfection systems. Similarly, Ashbolt (2005) also advocated that DNA-containing 
phages, such as PRD1 could be better than other bacteriophages in reflecting UV-
resistant AD.  
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Two primary differences were identified between the three studies on UV disinfection 
of PRD1: (1) the host cell from which the PRD1 coliphages was cultivated and (2) the 
suspending media in which UV irradiation of PRD1 was carried out (Table 7-1).  
 
Table 7-1  Summary of culture and irradiation conditions of PRD1 (Meng & 
Gerba, 1996; Shin et al. 2005; this study) 
 
 Meng & Gerba 
(1996) 
Shin et al. (2005) This study 







Coagulated + Sand 






Shin et al. (2005) and Meng & Gerba (1996) cultivated bacteriophage PRD1 from 
Salmonella typhimurium Lt2 whereas in this study, PRD1 was cultivated from E. coli 
(Migula) (ATCC BAA-769), as recommended by ATCC. Nevertheless despite the 
same cell lines used by Shin et al. (2005) and Meng & Gerba (1996), the UV resistance 
of PRD1 differed. Shin et al. (2005) attributed the difference in PRD1 resistance to the 
differences in virus preparation and purification between their study and that of Meng 
& Gerba (1996). Thurston-Enriquez et al. (2003) also suggested that the sensitivity of 
viruses to UV radiations may be influenced by the conditions to which the viruses 
were exposed to during preparation and purification.  
 
Alhough different suspending water matrices were used in these three studies, this was 
unlikely the causative agent to the difference in UV dose response. PRD1 was 
suspended in sterile distilled water in this study and in dechlorinated tap water in Meng 
& Gerba (1996)’s study. Conversely, UV irradiation of PRD1 in Shin et al. (2005)’s 
study was done with PRD1 suspended in sand filtered water which was documented to 
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be highly pure (very low turbidity and suspended solids) and very similar to a buffered 
water. The reduction in PRD1 inactivation rate (i.e. increased resistance) could most 
likely be due, in part, to the presence of ionic compounds present in the natural waters 
which could also contribute to slight aggregation of viruses and hence reduced MS2 
concentrations based on DAL enumeration.  
 
With regards to MS2, slight difference was observed in the three studies. UV dose 
responses were largely similar despite the slight differences in host cell and/or water 
matrices (Table 7-2). With LP UV dose of 60 mJ/cm2, 3.1log inactivation was attained 
in this study, and 3.5log inactivation by Shin et al. (2005). These were opposed to that 
obtained by Meng & Gerba (1996) where MS2 was observed to be more susceptible to 
UV (LP UV dose requirement of 80 mJ/cm2 for 5log inactivation). Neither difference 
in host cell used by Shin et al. (2005) nor the use of different water matrices accounted 
for the similarity in MS2’s UV dose response between this study and Shin et al. 
(2005), and also the slight lower resistance of MS2 in Meng & Gerba’s study.  
 
Table 7-2  Summary of culture and irradiation conditions of MS2 (Meng & Gerba, 
1996, Shin et al. 2005 and this study) 
 
 Meng & Gerba 
(1996) 
Shin et al. (2005) This study 
Host cell E. coli ATCC 
15597 













Conversely, UV dose requirements for 2log inactivation of MS2 were found to range 
from 29 – 44 mJ/cm2 (Havelaar et al. 1990; Meng & Gerba, 1996; Sommer et al. 2001; 
Tree et al. 1997). Factors such as UV dose measurement, calculation and 
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determination; E. coli host selection; method to culture, purify and assay MS2 
coliphage; use of different water matrices; differences in experimental UV setup; or 
seemingly insignificant disparities in general laboratory protocols were also the 
causative reasons for such disparities (Batch et al. 2004).  
 
Previously, some studies have reasoned that resistances of some bacteriophages or 
viruses to UV disinfection are due to their large sizes, dsDNA and high G-C contents 
in their nucleic acid (Battigella et al. 1993; Harm, 1980; Harris et al. 1987; Hurst et al. 
2002). However, based on comparisons from this study, in which bacteriophages 
differed in nucleic acid composition, phage size and structure, such a claim could not 
be put forth. As summarized in Section 3.6.1.1, bacteriophages ranked with PRD1 (60 
nm), ΦX174 (26-32 nm), Qβ (25 nm) and MS2 (25 nm) in order of decreasing size but 
yet this was not explanatory to MS2 having the highest resistance to UV disinfection. 
PRD1 is considered a moderately large bacteriophage, contains lipid and comprises of 
a dsDNA nucleic acid make-up. On the other hand, the properties of MS2 such as its 
small physical size and ssRNA appear not to suggest that it would be resistant against 
UV disinfection but results clearly indicated that it was one of the most UV resistant 
bacteriophage.  
 
Taken together, based on Meng & Gerba (1996) and results obtained in this study, it 
was concluded that PRD1 did not bear an accurate representation of AD and was hence 
not a suitable surrogate for AD during UV disinfection to assess treatment efficacy 
despite the biophysical and molecular similarities (e.g. size, type of virion and 
genome) of PRD1 and AD (Belnap & Steven, 2000; Benson et al. 1999; Davison et al. 
2003). Differences in bacteriophage resistances in different studies could not be 
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attributable to any one particular factor, but probably to a combination of factors such 
as the host cell, water matrices and virus propagation and purification methods that 
could vary among different laboratories. 
 
Currently, MS2 still hold true as one of the most resistant bacteriophage. It serves as a 
conservative surrogate for Cryptosporidium, enteroviruses and enteric bacteria as well 
as a good model for enteric virus disinfection. However, it does not exist as an 
adequate representative of AD (USEPA, 2006c). Sommer et al. (2001) evaluated the 
dose responses of other bacteriophages which, however, differed considerably from 
that of the AD and were hence not perceived as compatible AD surrogates. The 
following sections will encompass a further re-evaluation of the role of MS2 as a 
surrogate for UV-resistant AD, under synthetically manipulated conditions. These 
include information on the addition of boosters such as (i) different sized colloids 
(Section 7.2.1.1) and (ii) UV-absorbing compounds (Section 7.2.1.2) on MS2 
inactivation rates. 
 
7.2.1.1 Biological surrogates with colloidal boosters 
 
The presence of colloids in waters is known to have a protective effect on 
bacteriophages. By exploiting this property of colloidal particles, this study 
synthetically reduced the inactivation rate of MS2 by introducing colloidal particles 
and in the later section, UV-absorbing compounds as ‘Boosters’ to MS2’s resistance to 
UV disinfection. The presence of different extents of particles or UV-absorbing 
compounds could decrease UV efficacy, thus leading to an arbitrary increase in MS2 
resistance to UV.   
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To test the effect of colloidal size and concentration on MS2’s UV dose response, two 
different colloids: Formazin (1-5μm) and Silica Gel (SG) (37-63μm) in varying 
degrees of turbidity were used. During UV irradiation, the absorbances due to the 
turbid matter were not considered in the tabulation of UV dose. Instead, absorbances of 
MS2 in PBS were measured prior to the addition of colloidal boosters at pre-defined 
level of turbidity in NTU. Figure 7-3 illustrates the UV dose response curves of MS2 
in the presence of SG Boosters. The term surrogate “MS2+10SG” was used to denote 









































Figure 7-3  UV Dose responses of AD5 (HEK293), AD40 (HEK293), AD41 
(HEK293) and MS2 (when irradiated in the presence of varying concentrations of 
SG Boosters). Linear regression for each turbidity condition was presented alongside 
the legend. Linear regression lines for AD5, 40, 41 and surrogate MS2+25NTU were 
represented by the extreme fine dashed line, coarsely dashed line, smoothed line and 
coarse line, respectively.  
 
 
Under all conditions tested in the presence of Boosters, a modest increase in MS2 
resistance was observed. When low UV doses (<40 mJ/cm2) were rendered, the log 
inactivation of MS2 under the different concentrations of SG Boosters were not as 
pronounced as that under high UV irradiation doses of 80 to 120 mJ/cm2. No 
observable trend in MS2 log inactivation was evident with an increase in colloidal 
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concentration. An increase in the turbidity did not directly lead to a concurrent increase 
in MS2 resistance based on comparison of the inactivation rate.  
 
Inactivation rates K showed that as turbidities increased from 0 to 25 NTU of SG, a 
concurrent increase in UV dose was required for MS2 inactivation. To attain 4log MS2 
inactivation, LP UV dose requirement increased from 83 mJ/cm2 to 129 mJ/cm2 as 
turbidity increased from 0 to 25 NTU of SG. However a further increase in turbidity 
did not result in a corresponding increase in UV dose requirement. Instead, a decline in 
UV dose requirement was observed. This trend was observed beyond 25 NTU to 50 
NTU as evaluated in this study.  
 
Such a phenomenon could be due to the dynamic effect caused by the various 
concentrations of particles in the water matrix. UV light could be subjected to a series 
of absorption and scattering at differing angles under different turbidity conditions. 
Scattered UV light experiences a loss in energy due to increased path length, which 
hence inactivates MS2 less efficiently than UV light which come into direct contact 
with MS2 bacteriophage. Theoretically, a larger amount of particles present in the 
water matrix may appear to provide a direct negative effect (i.e. less inactivation hence 
more resistant) on MS2 inactivation by the large amounts of shielding from the 
germicidal UV light. However, within the turbidity range evaluated, an optimum 
turbidity level existed. The addition of 25 NTU of SG provided the maximum boosting 
(i.e. maximum increment) to the resistance of MS2 during UV irradiation. Inactivation 
rate K of surrogate MS2+25SG was at 0.031. From Chapter 4, results showed that 
inactivation rates K of AD5 (HEK293), AD40 (HEK293) and AD41 (HEK293) were 
at 0.0264, 0.0287 and 0.022, respectively. The UV dose requirement for 4log 
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inactivation of surrogate MS2+25SG was 129 mJ/cm2, which was higher than that 
required for a 4log inactivation of AD (124 and 112 mJ/cm2 for AD types 40 and 41 
respectively) in a study conducted by Meng & Gerba (1996). Therefore, based on the 
K value of surrogates and AD, MS2+25SG can serve as a possible surrogate for AD.  
 
When Formazin was used as the Booster, slight increase in MS2’s resistance to UV 
was also observed (Figure 7-4). In the presence of 5 NTU of Formazin, the optimum 
Booster concentration for Formazin, MS2 log inactivation was reduced from 6.3 
(without Formazin) to 4.4 with LP UV dose of 120mJ/cm2. A comparison of the linear 
regression lines of MS2+5Formazin, AD5 (HEK293), AD40 (HEK293), and AD41 
(HEK293) showed that Formazine did not provide for ample protection to MS2 under 
the turbidity ranges evaluated from 5 to 50 NTU. Although MS2+5Formazin was the 
most resistant surrogate to LP UV inactivation, with K value of 0.0374, it was no 



































Figure 7-4  UV Dose responses of AD and MS2 (when irradiated in the presence 
of varying concentrations of Formazin Boosters). Linear regression lines for AD5, 
40, 41 and surrogate MS2+5Formazin were represented by the extreme fine dashed 
line, coarsely dashed line, smoothed line and coarse line, respectively.  
 
Likened to the SG Boosters, an increase in turbidity level of Formazin Boosters did not 
lead to a concurrent increase in MS2 resistance. An optimum turbidity level was also 
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observed at 5 NTU For. At a low turbidity level of ≤ 1 NTU, negligible effect on UV 
dose requirement was observed. However, with MS2+5Formazin, UV dose 
requirement for 4log inactivation of MS2+5Formazin was 107 mJ/cm2 as compared to 
83 mJ/cm2 for MS2 without Formazin Boosters. Further increases in Formazin 
turbidity did not result in any increase in MS2 resistance to UV. Although maximum 
MS2 resistance was observed at 5 NTU For, MS2 resistance was not on par with the 
resistances of the three AD evaluated in this study.  
 
Overall, a common phenomenon observed for both Colloidal Boosters is that an 
increase in MS2 resistance was not evident with a corresponding increase in turbidity. 
This implied that a higher Colloidal Booster concentration would not necessarily 
provide a surrogate with higher MS2 resistance in comparison to that of a lower 
Booster concentration. Among the various concentrations of SG and Formazin 
Colloidal Boosters evaluated, the optimum concentrations, which provide for the 
maximum achievable MS2 resistance (i.e. lowest K value) occurred when MS2 was 
UV irradiated in the presence of 25 NTU of SG Booster and 5 NTU of Formazin 
Boosters. Surrogate MS2+25NTU had K values resembling that of AD but not 
MS2+5Formazin. Based on the inactivation rate K, Formazin, under no case scenario 
investigated in this study, was deemed as a suitable Booster for AD.  
 
Such a difference in the optimum concentration of Formazin and SG Boosters on MS2 
inactivation rate was due, most likely to their different mechanisms of shielding MS2 
from the UV irradiation. The particle sizes of Formazin and SG are distinctively 
different. Previous research with wastewater samples reported that particles >7-10 μm 
may interfere with UV disinfection (Jolis et al. 2001). However, Batch et al. (2004) did 
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not observe any apparent effect on the inactivation of seeded MS2 even when particles 
>10 μm were present in most of the waters tested. Results obtained for SG Boosters 
corresponded to the statement provided by Jolis et al. (2001). With particle size of 
Formazin and SG at 1-5 µm and 37-63 µm, respectively, an apparent larger shielding 
effect could be provided by SG on the viruses. This was possible as the sizes of 
Formazin were approximately 5 - 25 times that of the size of MS2 whereas SG was 
approximately 185-315 times larger than MS2.  
 
The second reason that was attributed to the difference in Booster efficiency could be 
the difference in forward scattering and dispersion of germicidal light between the 
Formazin and SG colloidal particles. In addition, SG is known to provide a high 
surface area that absorbs water readily. This probably served as a surface on which 
MS2 could be adsorbed onto with the aid of the surrounding liquid film, thus providing 
an added protection to MS2. With the small dimension of the Formazin Booster, the 
only mechanism by which it was able to reduce the inactivation rate of MS2 was 
probably via reflection or possibly shielding if slight aggregation were to occur.  
 
7.2.1.2 Biological surrogates with UV absorbing compounds 
 
UV-absorbing compounds have been commonly used in UV reactor validation to 
represent the actual transmittance/absorbance of the source water to be treated 
(USEPA, 2006c). UV-absorbing compounds in the natural waters include natural 
organic matter and ferric iron compounds etc. The presence of such compounds thus 
results in a reduction of UV disinfection efficacy. By utilizing this property, two such 
UV-absorbing compounds (Humic acid (HA) and coffee) were investigated to evaluate 
their effects on MS2’s UV dose response. Humic acid is a natural occurring 
CHAPTER 7  EVALUATION OF SURROGATES 
196 
 
compound, present in most soil environment whereas coffee is a synthetic compound 
which is commonly used during UV validation. With HA as a Booster, a concurrent 
reduction in MS2 inactivation rate K was observed as HA (i.e. TOC) concentration 







































Figure 7-5  Effect of Humic acid on MS2 UV dose response. Linear regressions of 
AD5 (HEK293), AD40 (HEK293), AD41 (HEK293), and surrogate MS2+55HA were 
represented by the fine dash, broad dash, fine continuous and bold continuous 
regression lines, respectively.    
 
Because AD, when enumerated with HEK293 cell lines (i.e. AD (HEK293)) was more 
resistant as the same AD serotype enumerated with PLC/PRF/5, comparison of MS2+ 
HA Boosters was done with AD enumerated with HEK293. UV dose responses 
evidently demonstrated that AD resistance to UV could be replicated by manipulating 
the amounts of HA Boosters added. Within the range of HA tested in this study, 
surrogate MS2+55ppm HA had the highest resistance to LP UV inactivation. Based on 
the linear regression, 4log inactivation of surrogate MS2+55HA requires 138 mJ/cm2 
of LP UV dose. This was higher than that required for AD5 (PLC/PRF/5), AD40 
(PLC/PRF/5) and AD41 (PLC/PRF/5). Inactivation rates K of AD5 (HEK293), AD40 
(HEK293), and AD41 (HEK293) were 0.0264, 0.0287 and 0.022, respectively whereas 
that of AD5 (PLC/PRF/5), AD40 (PLC/PRF/5), and AD41 (PLC/PRF/5) were 0.0324, 
0.0298 and 0.0292, respectively (Chapter 4). Comparatively, K value of surrogate 
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MS2+55HA was at 0.029. This closely resembled that of AD40 (HEK293) and AD40 
(PLC/PRF/5). The choice of HA as a Booster to MS2 hence provided flexibility to the 
choice of surrogates in representing various target microorganism of varying 
resistances during UV disinfection.  
 
The same phenomenon was observed with coffee (Figure 7-6). At coffee 
concentrations of 30, 70.4 and 140.5 ppm TOC, gradual increases in MS2 resistance 
were observed. However, the impact was not as significant as that caused by HA (p 
values > 0.05). TOC concentrations of coffee were doubled but this only led to minute 
increases in inactivation rate K of MS2. In comparison to MS2 alone which had 
inactivation rate K of 0.0483, K values for surrogates MS2+30ppm coffee, 
MS2+70.4ppm coffee and MS2+140.9ppm coffee were 0.0427, 0.0356 and 0.0334, 
respectively. With reference to AD, surrogate MS2+140.9ppm coffee was almost as 
resistant as AD5 (PLC/PRF/5) to LP UV inactivation. A high UV dose of 120mJ/cm2 
only resulted in 3.8log inactivation, which was less than the requirement of 4log 
inactivation stipulated by the USEPA (USEPA, 2006c). This, however, was 
comparable to the UV dose requirement of AD40 obtained by Meng & Gerba (1996), 
where 120.9mJ/cm2 was required for 4log AD40 inactivation. However, in order to 
match with the resistances of the other combinations of AD-host cells in this study, 
impractically higher doses of coffee Boosters would have to be administered.  
































AD5 (PLC/PRF/5) y = 0.0324x
 
Figure 7-6  Effect of Coffee on MS2 UV dose response. Linear regressions of 
MS2+30ppm coffee, MS2+70.4ppm coffee and MS2+140.9ppm coffee were 
represented by the fine dash, broad dash, and continuous regression lines, respectively. 
 
On the whole, coffee appeared to have a lower UV absorbing capacity as compared to 
HA at the same TOC concentration. With 30ppm TOC of HA and 30ppm TOC of 
coffee, the respective log MS2 inactivation were 4log and 5log, respectively when 
120mJ/cm2 of UV dose was rendered. MS2 inactivation rate could only be reduced to a 
level comparable to 30ppm of HA TOC when approximately 140.9ppm of coffee was 
spiked in.  
 
Taken together, the use of UV-absorbing compounds did not result in an optimal level 
at which MS2 inactivation rate was the lowest. Depending on the AD-host cell 
combination of interest, various HA and coffee Boosters could be added to artificially 
boost MS2 resistance to UV irradiation. It was evident that with increasing 
concentrations of UV-absorbing compound, a concurrent reduction in inactivation rate 
was observed. However, HA Boosters proved to be more effective than Coffee 
Boosters at the same TOC level.  
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Overall, UV-absorbing compounds were more effective than colloidal particles as 
Boosters (Table 7-3). Colloidal Boosters only showed limited capabilities as surrogates 
for AD. This was attributable to the difference in mechanisms as Boosters to MS2 
resistance during UV disinfection. Colloidal particles reduced inactivation efficiency 
by offering a physical barrier, reflecting and scattering of incident light away from the 
target-of-interest whereas UV-absorbing compounds absorbed the incident UV, thus 
resulting in a lower effective dose of UV light contacting the target-microorganism. 
With colloidal Boosters, an optimum concentration existed at which the maximum 
protective effect was available for MS2. Beyond that turbidity level, MS2 resistance 
was observed to fall below the optimum level. This was contrasting to the effect 
offered by UV-absorbing Boosters. Nevertheless, by varying the UV absorbing 
Boosters, these surrogates provided flexibility in the choice for the representation of 
any target microorganism-of-interest. UV absorbing Boosters are hence more attractive 
surrogates as compared to colloidal Boosters for AD and also other microorganism-of-
interest when the efficacy of UV disinfection is to be evaluated. The application of 
colloidal Boosters only applies when UV validation is conducted, without any 
evaluation of upstream filtration processes. It is not appropriate as a surrogate to 
evaluate full stream coagulation-filtration-UV disinfection systems. When an upstream 
removal process is to be evaluated concurrently together with UV disinfection, the 










CHAPTER 7  EVALUATION OF SURROGATES 
200 
 
Table 7-3  Summary of AD and surrogates’ log inactivation corresponding to 
various UV doses  
 
Virus/ Surrogate 















AD5 (HEK293) 1.1 2.1 2.6 3.1 0.0264 
AD5 (PLC/PRF/5) 1.3 2.6 3.2 3.9 0.0324 
AD5 (XP17BE) 3.1 6.1 6.6 - 0.0765 
AD40 (HEK293) 1.2 2.3 2.9 3.4 0.0287 
AD40 (PLC/PRF/5) 1.2 2.4 3.0 3.6 0.0298 
AD41 (HEK293) 0.9 1.8 2.2 2.6 0.0220 
AD41 (PLC/PRF/5) 1.2 2.3 2.9 3.5 0.0292 
AD41 (XP17BE)  1.1 1.8 2.1 2.3 0.0697 
MS2 2.1 4.0 4.5 6.3 0.0483 
MS2 + 5NTU 
Formazin 
1.3 3.3 3.7 4.4 0.0374 
MS2 + 25NTU SG 1.2 2.5 3.1 3.7 0.031 
MS2 + 141ppm 
coffee 
1.5 3.0 3.3 3.8 0.0334 
MS2 + 55ppm HA 1.2 2.3 2.9 3.5 0.029 
 
With regards to the stability of MS2 in the presence of Boosters evaluated, a study was 
conducted previously by Fallon et al. (2007). The stability of MS2 and other 
bacteriophages in different groundwater with and without the presence of HA and 
coffee as UV absorbing compounds (75% UVT in 1 cm) was evaluated over the course 
of 15 days. MS2 was found to be relatively stable in groundwaters with either HA or 
coffee. Over the entire test period of 15 days, HA was observed to have a stabilizing 
effect on MS2, with only 0.1log inactivation of MS2 at the end of the test period. 
Coffee, on the other hand, provided slightly less but relatively acceptable stabilizing 
effect on MS2, with 0.2log and 0.9log inactivation observed in 2 different types of 
groundwater on the 15th day. The effects of HA and coffee on MS2 inactivation, 
however, were considered insignificant in this study as the UV irradiation and MS2 
enumeration using the DAL was conducted on the day of sample preparation. No 
known study has been conducted on the viability of MS2 in the presence high turbidity.  
Although no study was conducted on the effect of various turbitidy on MS2 after 
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prolonged period of > 1 day, results from this study showed that over the course of the 
experimental period of ~ 6 hours, negligible differences in MS2 concentrations were 
observed regardless of the different levels of turbidities investigated in this study.  
 
7.2.2 Non-biological surrogates for LP and MP UV disinfection 
MS2 in the presence of Boosters, particularly UV absorbing compounds, constitute as 
potential surrogates to AD during UV disinfection. However, this surrogate was not 
suitable for the evaluation of virus removal during hybrid water treatment with 
upstream virus rejection followed by UV disinfection as the upstream process will 
adequately remove the Boosters which will hence tamper with the resistance of MS2 
against the UV light. Therefore, an alternative nonbiological surrogate in terms of 
fluorescence was adopted.  
 
Because the UV dose responses of AD followed a linear trend with respect to the UV 
dose delivered, the objective was to examine the possibility of fluorescent dyes 
complying with such a similar trend when exposed to varying doses of UV light. 
Fluorescent dyes were exposed to LP UV irradiation at UV doses of 0 – 120 mJ/cm2 
and their fluorescent decay corresponding to different UV doses were measured. This 
was done to assess the possibility of fluorescent dyes in representing AD as surrogates 
during UV disinfection and hybrid coagulation-membrane filtration-UV disinfection 
system. 
 
Although all dyes were responsive to LP UV irradiation at various concentrations and 
varying degrees, no distinctive trends were observed as LP UV doses increased (Figure 
7-7). This was done for various dye concentrations varying from 0 to 200 mg/L. 
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Fluorescent excitation and emission spectrum for AlexaFluor350 (AF350), AMCA and 
Gelgreen were obtained for fluorescent dyes subjected to LP UV doses ranging from 0 
to 120 mJ/cm2, which was the typical LP UV dose required for approximately 3 to 4 
log AD inactivation. The peak intensities corresponding to the excitation and emission 
maximal of each dye were then correlated with the UV dose to observe for the 
presence of any trends. However, this was not present for these dyes despite of the 





































































































Figure 7-7  Excitation and emission spectrum of (a) AlexaFluor350, (b) AMCA, 
(c) GelGreen following LP UV irradiation of 0, 40, 80, 100 and 120 mJ/cm2 
When Dansyl chloride was subjected to LP UV irradiation, more distinct reductions in 
fluorescent intensities were observed (Figure 7-8). Dansyl chloride, at a concentration 
of 100 mg/L demonstrated slight changes with different LP UV doses. This could be 
due to the higher quantum yield of dansyl chloride to LP UV light at 254 nm, as 
compared to the other fluorescent dyes. This indicated that dansyl chloride was more 
responsive to LP UV irradiation and that more significant extents of photobleaching 
was observed following repeated adsorbtion - emission cycles during LP UV 
irradiation. When the fluorescent intensities at excitation and emission maximal were 
compared with the corresponding UV doses rendered, results however did not conform 
to a linear trend. Likewise at other concentrations of dansyl chloride, trendless changes 
in fluorescent intensities were also observed at different doses of LP UV irradiation. 
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Figure 7-8  Excitation and emission spectrum of Dansyl chloride (100 mg/L) 
following LP UV irradiation of 0, 40, 80, 100 and 120 mJ/cm2 
Only Sypro ruby exhibited a concurrent reduction in fluorescent intensities with 
increasing LP UV doses. Sypro ruby has been developed as a protein stain in 
acrylamide gels, nitrocellulose or PVDF membranes. Sypro ruby has also been tested 
for the detection of low levels of infectious or proteinaceous contamination on surgical 
instruments in hospitals and healthcare environments using a novel microscopy 
technique (Lipscomb et al. 2006).  
In this application, when Sypro ruby at 50 mg/L was subjected to LP UV irradiation, 
positive response was observed by the fluorescent dye at various LP UV doses (Figure 
7-9a). At the excitation peak at approximately 305 nm, gradual reduction in fluorescent 
intensities were observed at increasing LP UV doses of 0, 40, 80 and 120 
mJ/cm2(Figure 7-9b). The linear correlation of the fluorescent intensities of the 
excitation and emission wavelength (nm) versus the corresponding UV dose yielded a 
relatively high correlation coefficient of 0.90 and 0.98, respectively. However, when 
Sypro ruby was subjected to MP UV irradiation, no correlations between wavelengths 
versus fluorescent intensity were observed (data not shown).  
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Figure 7-9  Excitation and emission spectrum of Sypro ruby (50 mg/L) following 
LP UV irradiation of 0, 40, 80, 100 and 120 mJ/cm2 
 
With regards to MP UV irradiation, the same was done to the various fluorescent dyes. 
However, only AMCA and F8781 fluorescent microspheres were responsive to MP 
UV irradiation with relatively high linear correlation between the MP UV dose and the 
resulting fluorescent intensities as MP UV dose increased (Figure 7-10). AMCA posed 
as a possible surrogate which could be conjugated to MS2 for further surrogate studies 
because of its amine-reactive nature and its inherent purpose for labelling of proteins 
and nucleic acid. With fluorescent intensities at the excitation and emission of AMCA 
at 347 nm and 447 nm, linear regressions of the fluorescent intensities versus the MP 
UV dose rendered was at 0.94 and 0.95, respectively. Likewise, with F8781 
fluorescent microspheres, the linear correlation corresponding to the excitation and 
emission wavelengths were at 0.98 and 0.96 respectively. Although AMCA and F8781 
microspheres have not been taken as surrogates for target microorganisms during UV 
disinfection, other forms of dyes and microspheres have been used, not as surrogates 
but for the determination of fluence distribution within a reactor. These include uridine 
and iodide (Jin et al., 2006) which were used as actinomers while (E)-5-[2-
(methoxycarbonyl)ethenyl]cytidine) (Blatchley III et al. 2006, 2008) was attached to 
polystyrene microspheres and other commercial polymicrospheres (Bohrerova et al. 
(a) 
(b) 
UV dose (mJ/cm2) 
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Figure 7-10  Excitation and emission spectrum of AMCA (a, b)  and F8781 (c, d) 
following MP UV irradiation of 0 – 100 mJ/cm2 
A summary of dye responsiveness to LP and MP UV irradiation is provided in Table 
7-4. Results showed that among the fluorescent dyes evaluated, only few dyes were 
possible options as surrogates for AD during MP UV irradiation and only 1 fluorescent 
dye was available during LP UV irradiation. Although most dyes chosen for evaluation 
had their excitation maximal within the range of the LP UV and MP UV spectrum, not 
all the dyes reacted positively to the irradiation. This was due in part, to the different 
levels of adsorptivities and the different extents of photobleaching yielded by the 
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Table 7-4 Summary of fluorescent dyes/ fluorescent microspheres used for LP 
and MP UV evaluation 
 
Fluorescent dyes Ex/Em (nm) LP UV MP UV 
AMCA 349 / 448 N Y 
AlexaFluor350 353 / 442 N Y 
Dansyl chloride 340 / 578 N - 
F8781 
microspheres 
365 / 415 N Y 
Sypro ruby 302, 470 / 610 Y - 
Sypro ruby was therefore chosen as a possible option as a surrogate for AD during LP 
UV irradiation, and both F8781 fluorescent microspheres and AMCA dye as a 
surrogate during MP UV irradiation. AMCA was chosen over AF350 because of its 
higher responsiveness and higher magnitude of reduction in fluorescent intensity 
following UV irradiation. This improves the sensitiveness of the dye when the 
necessity arises for the need to differentiate the effect of fluorescent change between 2 
relatively similar UV doses rendered. Because both sypro ruby and AMCA are 
inherently dyes, the option of dye conjugation to the MS2 particle was explored. This 
was because the dyes exist as dissolved compounds with lower molecular weight and 
therefore did not provide an accurate measure as a surrogate to AD which is in the size 
range of 80 – 100 nm. These were then compared to F8781 fluoresccent microspheres 
as surrogates to AD. Because F8781 microspheres were sized at 20 nm, it could stand-
alone as a surrogate which is comparable in size to the enteric viruses.  
 
7.3 Dye-conjugated MS2 
 
To ensure that following conjugation, complete dialysis of conjugated MS2 was 
achieved, the fluorescent intensities of the PBS used for dialysis were continually 
monitored. This was to ensure that the fluorescent intensity of the conjugated MS2 
solution was due to the attachment of the dyes on the MS2 protein coat and not to 
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unconjugated/dissolved dye in the water matrix. Regardless of the number of rinses 
which the conjugated MS2 were subjected to, the fluorescent intensities of the PBS 
were measured (Figure 7-11). The total number of rinses for the conjugates averaged 
between 3 to 7 until average excitation and emission fluorescent intensities of 
approximately < 80 fluorescent units were attained for the dialysis fluid. This was later 
compared to the MS2 surrogate itself to ensure that the fluorescence originating from 
the conjugated surrogate was a result of dye attachment while the fluorescent 

































Figure 7-11  Fluorescent intensities of PBS after dialysis of Conjugation of MS2 
with AMCA.  
 
To ensure that the fluorescent dyes were conjugated onto the MS2 bacteriophages and 
that the surface properties were not altered extensively, preliminary tests were done to 
check on the particle size, surface charges and the fluorescence after dye conjugation. 
Results obtained from the Zetapals indicated that the surface charges of MS2, 
MS2+Sypro ruby and MS2+AMCA were in the range of -52 to -74 mV at the pH 
range of 5 to 8. With MS2 alone, the surface charge of MS2 was in the range of -57 to 
-76 mV. However MS2+Sypro ruby and MS2+AMCA were slightly more negatively 
charged as compared to MS2 alone, both of which had surface charges in the ranges of 
-52 to -64 mV and -61 to -74 mV, respectively. This could be due to the conjugation of 
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the fluorescent dyes onto the MS2 surface which resulted in the slightly higher 
negative charges aggregated on the surface of the conjugated bacteriophages. 
However, when the pH of the water matrix was increased to 8, there was no significant 
differences between MS2, MS2+sypro ruby and MS2+AMCA conjugated 
bacteriophages which were in the range of  -51.3 to -87 mV. Only the surface charges 
of the bacteriophages and the surrogates in the pH ranges of 6 – 8 were of interest as 
this was the range in which the hybrid coagulation-MF/UF filtration-UV disinfection 
was assessed. Likewise, Gitis et al. (2002) previously established that the zeta potential 
of MS2 conjugated with FITC, DTAF and fluorescein ranged from approximately -40 
to -10 mV within the pH ranges of 2.8 to 4.8. Because the secondary structure of MS2 
comprises of large amounts of single polypeptides, the addition of charges in the form 
of fluorescent dyes had limited effect on the potential and isoelectric point of the virus 
(Gitis et al. 2002).  
 
Besides the surface charges of MS2 and its surrogates, their particle sizes were also 
measured using the Zetasizer. Since the fluorescent dyes were chemically conjugated 
onto the protein capsid of the MS2 bacteriophage, a slight increase in MS2 particle size 
was anticipated. Prior to conjugation, MS2 was filtered using a sterile filter to remove 
any existing E. coli host cell so as to obtain a pure culture of MS2. Graphical results on 
MS2 and its surrogate showed that the size of MS2 was represented by a sharp peak at 
approximately 24 nm (Figure 7-12). This was however, in contrast to surrogates 
MS2+AMCA and MS2+Sypro ruby. Both surrogates were notably larger in size than 
MS2 alone. This was particular significant with MS2+AMCA in which a large particle 
size range was registered. Sizes of MS2+AMCA were evaluated for various incidences 
of conjugation but yet the particle sizes did not conform to a distinct peak like that of 
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MS2 alone. Although MS2+AMCA peaked at 33 nm, the number (%) size of 
MS2+AMCA extended from a range of 20 to 140 nm in size. In contrast, MS2+Sypro 
ruby had a narrow peak which was primarily concentrated at a particle size of 38 nm. 
On the other hand, Gitis et al. (2002) found that the absolute size of the conjugated 
bacteriophages were 41 nm whereas that of MS2 bacteriophage alone (without 































































Figure 7-12 Particle sizes of MS2 (a), and surrogates MS2+AMCA (b) and 
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7.3.1 Application of conjugated MS2 as a surrogate 
In order to correspond the log removal of MS2 with the fluorescent intensities, dye-
MS2 calibration curves were done up to relate the fluorescent intensity at a given MS2 
concentration. This will enable the prediction of the log removal/MS2 concentration of 
conjugated MS2 based on the fluorescent intensities of the samples collected at various 
stages during the hybid coagulation-MF/UF filtration-UV disinfection process. This 
was done by subjecting different concentrations of MS2 to the conjugation procedure 
using the same dye:MS2 ratio and then obtaining the fluorescent intensity of the 
conjugated product. This was done so as to ensure that the amount of fluorescent dye 
conjugated on each MS2 bacteriophage surface was maintained as consistent as 
possible so that the MS2 concentration can be accurately measured using the 
calibration graph according to the fluorescent intensity of the water sample.  
 
However for F8781, the number of microspheres per ml was directly related to the 
number of MS2 bacteriophages per ml of water matrix. These yielded the calibration 
curves in which the fluorescent intensities were linearly correlated with the surrogate 
(i.e. conjugated MS2) concentrations (Figure 7-13). Results showed that despite the 
conjugation of MS2 at various log concentrations, the corresponding fluorescent 
intensities attained conformed well to the linear regression with R2 values of 0.97 for 
both surrogates MS2+AMCA and MS2+Sypro ruby. Sypro ruby was portrayed to be 
the most sensitive surrogate, with the largest change in fluorescent intensity given a 
log increase in MS2 concentration. This could be due to the greatest attachment of 
fluorescent dyes onto each MS2 surface, which was hence reflected in the fluorescent 
intensity of each MS2 particle. 
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Figure 7-13  Calibration curves of (a) F8781 fluorescent microspheres, (b) 
surrogate MS2+AMCA and (c) surrogate MS2+Sypro ruby 
 
With the calibration curves, the fluorescent intensities of the collected samples could 
be measured and corresponded to the values in the calibration curves. This then 
allowed the concentrations of MS2 to be ascertained based on the respective 
fluorescent intensity of the sample at different stages during coagulation-MF/UF 
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particles/MS2 removed/rejected from the solution during the physical removal stage by 
the hybrid coagulation-MF/UF filtration stage as the reduction of conjugated MS2 
after filtration corresponded to the reduction in fluorescent intensity. This however, 
could not be applied for the surrogate of AD during UV inactivation since the MS2 
particle remained constant during the UV irradiation procedure. The UV irradiation 
was characterised by a reduction in the fluorescent intensity of the dye but the number 
of MS2 particulates remained constant (not removed from the system). Therefore, 
another approach was taken. 
 
As opposed to hybrid coagulation-MF/UF filtration, the concept of fluorescent 
intensity as a surrogate to AD during UV irradation was different. With the upsteam 
removal process via coagulation-MF/UF filtration, the fluorescent intensity was 
directly correlated to the MS2 concentration in accordance to the calibration graph. 
However, for UV irradiation, the fluorescent surrogate was related more to the extents 
of dye decay following different UV irradiation durations. In order to correspond the 
dye decay with UV dose with that of the AD inactivation, the axes of the AD survival 
graph was force-fitted to match that of the dye decay graph (Figure 7-14). This was 
done with the objective that the extent of fluorescent decay, arising from UV 
irradiation at a particular UV dose, can be directly correlated graphically to the extent 
of reduction in AD survival following UV irradiation with the same UV dose. This 
enabled the prediction of the level of AD inactivation in accordance to the extents of 
dye decay, given a particular LP or MP UV dose delivered. Since both the excitation 
and emission maximal portrayed linear correlations with the UV doses rendered, only 
the excitation maximal was considered and hence corresponded with AD survival 
curve.  
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Figure 7-15  Correlation between AD5 log survival with (a) F8781 microspheres 
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Based on results from Figures 7-14 and 7-15, the reduction in fluorescent intensities of 
the 3 fluorescent compounds (F8781, AMCA and Sypru ruby) were used as baselines 
for the determination of the level of log inactivation of AD5. The change in fluorescent 
intensity can be obtained from the samples collected before and after UV irradiation. 
Following that, the level of change corresponding to the log survival of AD5 can be 
read off from the AD-dye correlation graph.  
 
7.3.2 Application of surrogates for integrated coagulation-MF/UF filtration and 
UV disinfection  
Surrogates MS2-sypro ruby, MS2-AMCA and F8781 were subjected to hybrid 
coatulation-MF/UF filtration followed by LP UV irradiation (for MS2-sypro ruby) and 
MP UV irradiation (for AMCA and F8781) to ascertain their potential as surrogates for 
the hybrid membrane removal and UV irradiation process of viruses. Because MS2 
served as a challenge microorganism for membrane filtration whereas AD posed as a 
challenge microorganism during UV irradiation, the conjugated MS2 was used to 
predict the removal of MS2 as the target microorganism during MF/UF removal using 
the dye-MS2 calibration graph whereas the fluorescent dyes on the MS2 
bacteriophages were used as a surrogate to AD as the target microorganism during UV 
disinfection, using the dye decay graph. The physical removal of the conjugated MS2 
was reflected by the reduction in fluorescent dye concentration due to a reduction of 
MS2 particles whereas during the UV irradiation process, the reduced fluorescent 
intensity represented the reduction in AD concentration.  
 
Results from coagulation-flocculation-MF/UF filtration followed by LP and/or MP UV 
irradiation are presented in Figure 7-16 and differentiated into three different stages of 
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removal/inactivation: (1) removal by coag-flocc (2) removal by MF/UF and (3) 
inactivation by LP or MP UV at 40 mJ/cm2. The results from the fluorescent study 
were compared to that of virus, which was the target microorganism. Data represented 
by virus, denoted as “virus (MS2/AD5)” comprised of results on MS2 removal by 
coagulation-flocculation, and also MF/UF filtration whereas data on UV40 represented 
log inactivation of AD5 by LP UV dose of 40 mJ/cm2. Log inactivation of AD5 by MP 
UV dose of 40 mJ/cm2 was also compared alongside. Pre-coagulation was done with 5 
mg Al3+/L for MF and 1 mg Al3+/L for UF.  
 




























































Figure 7-16  Removal/inactivation of viral surrogates via hybrid coagulation-
membrane filtration – hybrid LP and MP UV irradiation. (a) MF and (b) UF 
filtration were used for upstream membrane rejection. Note: MS2 was used as the 
target microorganism during upstream coag-flocc, MF and UF filtration whereas AD5 
(HEK293) was used as the target microorganism for LP and MP UV irradiation. 
(a) 
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Overall results for coag-flocc demonstrated that the MS2-conjugated surrogate 
provided for an overestimate of virus removal (i.e. underestimate of the actual MS2 in 
the uncoagulated solution). F8781 microsphere with 2log removal resembled most to 
the MS2 removal by coagulation at 5 mg Al3+/L. However, at a lower coagulation dose 
of 1 mg Al3+/L prior to UF, the difference in the removal of MS2 and its surrogates 
were insignificant. At 5 mg Al3+/L, highest removal of surrogate MS2-Sypro was 
observed, followed by MS2-AMCA, and F8781 which was insiginificantly different 
from that of MS2 (p values > 0.05).  
 
However, MF and UF removal of the surrogates was relatively different from that of 
MS2 as target microorganism. This was particularly obvious with MF rather than the 
UF membrane regardless of the higher coagulant dose applied pre-MF as compared to 
pre-UF filtration. MS2 removal by the MF and UF membranes were at 4.1 and 4.7log, 
respectively following pre-coagulation. All surrogates provided an underestimate of 
the extent of virus removal by MF and UF membranes except for F8781 which was a 
slight over-estimate during UF filtration. However, it was surprising that the F8781 
contrastingly grossly underestimated MS2 removal by the MF membrane after pre-
coagulation at 5 mg Al3+/L. MS2-Sypro and MS2-AMCA removal by MF at 3.6 and 
3.8log, respectively, were better representatives of MS2. The higher removal of MS2-
Sypro and MS2-AMCA could be attributed to the additional sheer size caused by the 
fluorescent dyes which were conjugated on the surface of the MS2. This could have 
provided for size exclusion and surface interactions with the MF membrane despite 
their higher removal as compared to F8781 during the upstream coagulation-
flocculation process.  




Results were substantiated by the particle sizes of MS2 and its conjugated surrogates 
in which the particle size distribution of MS2 was characterized by a slender peak 
whereas that for MS2-AMCA had the broadest peak. This could therefore have 
accounted for the relatively higher removal by the MF membrane as compared to 
MS2-Sypro. The MS2-AMCA which were in the larger particle size range could be 
more easily removed by MF filtration, hence resulting in a lower fluorescent intensity 
in the filtered permeate as compared to MS2-Sypro. On the other hand, when UF was 
performed, the margin of difference between MS2 and its surrogates were narrowed. 
This could be due to the lower molecular weight cutoff of the UF membrane which 
was capable in removing MS2 and the various conjugates regardless of the lower 
coagulant dose of 1 mg Al3+/L as compared to 5 mg Al3+/L during MF. The extents of 
virus removal by UF were therefore not significantly different as compared to that 
rendered by MF. Previously, Gitis et al. (2002a) observed that dye-labeled MS2 
resembled a close fit to native MS2 in terms of removal via a deep bed media filtration. 
Removal efficiencies of the labeled MS2 and native MS2 was at 0.58 and 0.5 
respectively and that the residence time distribution of the labeled MS2 fitted closely 
to that of the native MS2.  
 
 
Gitis et al. (2002, 2006) commented on the preference of dye-conjugated MS2 over 
polystyrene microspheres as surrogates to virus removal via deep bed filtration and 
nanoscale probes for the evaluation of the integrity of UF membranes. This is due to 
the make-up of the surrogate, in which the conjugated MS2 resembles more closely to 
the true virus whereas polystyrene microspheres conform more to a fixed circular 
shape which does not closely represent viruses. Furthermore, the measurement of 
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fluorescence is not affected by cluster formation which can affect the accuracy of 
native MS2 which is subjected to DAL enumeration.  
 
Following hybrid coagulation-MF/UF filtration, the surrogates were diretly subjected 
to LP and/MP UV irradiation at 40 mJ/cm2. Surrogates were compared to AD5 in 
which 40 mJ/cm2 of LP and MP UV doses resulted in 1.1 and 1.8log AD5 inactivation 
as tabulated using the linear regression of the AD5 UV dose response graph. In 
comparison to other surrogates, MS2-Sypro fared better in representing AD5 during 
UV irradiation based on results after MF. At an average log inactivation of 1.3 as 
portrayed by MS2-Sypro during LP UV irradiation, insignificant differences were 
observed as compared to AD5. On the other hand, when F8781 and MS2-AMCA were 
used as surrogates to AD5 during MP UV irradiation, AMCA corresponded more to 
AD5 as compared to F8781. However, the difference was insignificant (p value > 
0.05).  
 
Following filtration via the UF membrane, however, results of F8781 (1.4log 
inactivation) significantly underestimated the level of inactivation of AD5 under MP 
UV irradiation conditions. On the other hand, the level of inactivation portrayed by 
MS2-sypro and MS2-AMCA, with inactivation levels at 1.2 and 1.9log, respectively, 
did not differ significantly from that of AD5 under both LP and MP UV irradiation 
conditions. The higher accuracy of MS2-Sypro could be attributed to the higher 
sensitivity of the dye conjugate in which a larger change in fluorescent intensity was 
observed given a unit dose of LP UV irradiation. F8781 and MS2-AMCA, however, 
were not as sensitive to MP UV irradiation.  
 




Besides biological surrogates for target microorganisms during the drinking water 
treatment process, nonbiological surrogates are now emerging as promising 
alternatives especially for microorganisms what cannot be easily quantified or 
cultivated. Although MS2 has been adopted as an appropriate surrogate for virus 
removal during membrane filtration, it is not adequate as a viral representative during 
hybrid coagulation-MF/UF-UV disinfection and UV disinfection, especially with the 
issue of AD as the target microorganism during UV disinfection.  
 
With only UV disinfection, UV absorbing compounds served as attractive and 
effective boosters in the presence of MS2. This contributed to MS2+UV absorbing 
compounds serving as robust surrogates to various target microorganism as compared 
to MS2+colloidal particulates. In contrast to MS2+coffee and MS2+HA, the surrogates 
with colloidal boosters was limited in representing UV resistant AD due to the 
existence of an optimal in which MS2 was the most resistant. On the other hand, with 
regards to MS2+HA and MS2+coffee, no optimal concentration was observed for 
theses UV-absorbing compounds as boosters. MS2+UV absorbing compounds 
provided for the flexibility that a simple manipulation of the concentration of the UV 
absorbing compounds that allowed the UV resistance of the surrogate matched that of 
the target microorganism.  
 
Although MS2 together with its boosters were not possible surrogates for studying 
virus removal/inactivation by hybrid coagulation-MF/UF-UV disinfection, dye-
conjugated MS2 provided a promising solution for this application. Although different 
fluorescent surrogate fared differently for the 3 different stages of removal/inactivation 
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evaluated (i.e. (1) coag-flocc, (2) MF/UF removal and (3) LP/MP UV irradiation at 40 
mJ/cm2), removal/inactivation of all surrogates differed from the actual target 
microorganism (i.e. MS2 for upstream coagulation-MF/UF and AD5 for LP/MP UV 
irradiation) by < 1log. At a high coagulant dose of 5 mg Al3+/l, a wider range of 
removal was observed, with F8781 corresponding most closely to that of MS2. 
However, when 1 mg Al3+/l of coagulant dose was rendered prior to UF filtration, 
negligible differences were observed in the surrogate removal. Likewise pertaining to 
MF and UF filtration, the dye conjugated surrogates could adequately represent MS2 
as compared to F8781, particularly for MF filtration. The level of inactivation of the 
surrogates by LP and MP UV following membrane filtration were also comparable to 
that of AD5, with the exception of F8781 following UF filtration and MP UV 
irradiation.  
 








UV disinfection and MF/UF filtration are now widely used technologies but both of 
which are limited in virus removal. The limitation for UV disinfection arises more 
from AD whereas for MF/UF filtration, the challenge is the removal of viruses in 
combination with other processes. Many studies have been conducted on LP UV 
disinfection of AD but few were conducted on MP UV disinfection. Still, LP UV 
results for AD varied due to unforeseen reasons. Further, upstream coagulation-MF/UF 
filtration removal performances can affect downstream UV disinfection, especially if 
virus removal is of concern. Because of the limitation of virus removal in upstream 
processes and its impending effect on downstream UV disinfection, this dissertation 
therefore provides in-depth investigation on UV disinfection of AD and also the effect 
of upstream coagulation-MF/UF filtration on downstream UV disinfection using a 
series of viral surrogates.  
 
Firstly, detailed analyses were done on LP and MP UV disinfection of AD under 
similar experimental conditions but with different host cells used for enumeration. AD 
was used as the challenge microorganism for UV disinfection of viruses. Results 
showed that LP UV was highly ineffective against respiratory AD5 and both enteric 
AD40 and 41. LP UV dose of 120 mJ/cm2 only accounted for 3.3, 3.7 and 2.5log 
inactivation of AD5, 40 and 41, respectively when HEK293 was used as the host cell. 
When HEK293 was used as the host cells for UV inactivation studies, AD, irregardless 
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of the serotypes, appeared more resistant and required higher LP UV dose to effectuate 
4log inactivation. However, with the use of XP17BE, which was known only to be 
capable of UV induced unscheduled DNA synthesis at 30 to 60% of normal, AD 
appeared to be only slightly more resistant than any other viruses to LP UV 
inactivation. Generally, the differences in UV dose requirements between different AD 
serotypes were more pronounced when LP UV light was used. LP/MP ratios for all 
AD enumerated with HEK293 or PLC/PRF/5 was in the range of 1.4 to 2.3 whereas 
that for both AD5 (XP17BE) and AD41 (XP17BE) was 1.4. These indicated that LP 
UV was almost half as effective as MP UV in AD inactivation. Further, low LP/MP 
ratios for AD enumerated by XP17BE suggested that DNA repair initiated by AD 
following LP and MP UV irradiation were almost equally low. With regards to the 
effect of different host cells on AD, the CL for LP UV (2.4 – 3.2) were larger than that 
for MP UV (1.7 – 2.5), suggesting that the use of different host cells affected LP more 
than MP UV irradiation of AD. Findings clearly indicated that the use of different host 
cells were determining factors to variabilities in UV dose requirements for a specified 
log inactivation of AD. Therefore, the basis of comparing UV dose results with other 
studies using different host cells for AD enumeration may not be considered 
appropriate. The choice of host cells is important when used to elucidate whether 
sufficient LP or MP UV doses are rendered for disinfection of different AD serotypes 
because the use of different host cells can result in distinctively different AD 
susceptibility to UV.   
 
Further studies were conducted on a molecular level to ascertain the repair capabilities 
of different cell lines on AD. Results had indicated that RT-PCR could be used to 
quantify the extents of repair by AD following p.i. of 0 to 48 hrs. This provides for an 
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approximate and rapid gauge of the extents of repair rendered to AD by different types 
of host cells following UV irradiation. With 48 hrs of p.i., results demonstrated that 
AD cultivated with HEK293 as host cell exhibited the most DNA repair during the p.i. 
period whereas that by XP17BE cell line was the minimal. This was in line with results 
obtained using the cell culture-based enumeration method which took longer periods of 
time due to the long infection period required.  
 
With regards to the upstream virus removal by coagulation-MF/UF filtration, enhanced 
removal was attained at pH6 rather than pH8, at coagulation doses of 5 and 1 mg 
Al3+/L for MF and UF, respectively. However, at alum doses lower than the specified 
optimum for MF and UF filtration, consequential effects could be carried over to UV 
disinfection which followed after filtration. Two stages of MS2 reduction were 
observed in upstream hybrid coagulation-MF/UF process, the first of which involved 
the interplay of pH, coagulant and the enmeshment of MS2 within the alum flocs and 
secondly, the rejection of MS2-associated flocs by MF/UF membrane. This first 
reduction was brought about at pH6 due to both aggregation/inactivation and later the 
enmeshment of MS2 into alum flocs, which rendered it infectious when strongly 
bound onto the alum flocs. When coagulation was performed at a lower alum dose (≤ 2 
mg Al3+/L), particularly for MF, initial virus rejections were low and gradually 
increased with increasing filtration time. The phenomenon provided evidences that in a 
continuously-operated membrane system, virus rejection could be reduced following 
hydraulic backwash. However, under optimized conditions, this was not the case based 
on the results where MS2 rejection was consistently high following a few hydraulic 
backwashes. With the incorporation of UV disinfection on coagulated MS2 flocs, 
results indicated that reduction in MS2 concentrations were due both to the 
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enmeshment within alum flocs and to UV inactivation. However, no synergistic effects 
were observed during UV inactivation of MS2-associated flocs. Nevertheless, the level 
of inactivation brought about by UV inactivation of MS2-associated flocs was higher 
than that of UV disinfection of monodispersed MS2 particles. Under optimum 
upstream removal conditions, downstream UV disinfection was not highly affected 
under conditions and duration evaluated in the laboratory setting. However, with low 
coagulant dosage during pre-coagulation, the amount of UV doses rendered 
downstream have to be varied should 4log inactivation of viruses be stipulated.  
 
Overall, results indicated that LP UV inactivation may be limited in AD inactivation 
but MP UV disinfection has been proven to be effective. With viruses as the challenge 
microorganisms for integrated coagulation-MF/UF-UV disinfection, substantial 
removal could be achieved under optimized upstream coagulation-MF/UF filtration 
conditions. Although virus removal by upstream hybrid filtration system could be 
compromised under low coagulant conditions, a trade-off was offered during 
downstream UV disinfection, where UV irradiation, coupled with the enmeshment 
within the alum flocs, could provide for an enhanced reduction in virus concentrations.  
 
Although different target microorganisms are associated with the upstream 
coagulation-MF/UF and downstream UV disinfection, promising surrogates can be 
obtained from nonbiological means. The challenge of MF/UF filtration posed by MS2 
and that of UV disinfection by AD, a common surrogate arising from the conjugation 
of MS2 with specific fluorescent dye is highly possible. Nevertheless, slight 
differences still exist to the extent the conjugated MS2 can accurately reflect the 
challenge microorganism (i.e. MS2 for upstream MF/UF removal and AD for 
downstream UV disinfection) during the different stages of the hybrid treatment. At 
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low coagulant dose of 1 mg Al3+/l, negligible differences were observed for the MS2 
and surrogate removal however F8781 corresponded more closely to MS2 at a higher 
coagulant dose of 5 mg Al3+/l. On the other hand, dye-conjugated surrogates were 





In this dissertation, focus was placed on the effects of various factors on UV 
disinfection and how upstream removal performances of coagulation-MF/UF filtration 
affect UV disinfection in terms of virus removal. The effect of host cells on AD during 
UV disinfection was also ascertained to affect AD enumeration, thus affecting UV 
dose results. However, limitations existed and were not completely addressed in this 
research. Therefore, a list of recommendations have been charted out for future 
research purposes to enhance the knowledge based in this area of work pertaining to 
virus removal by UV disinfection and integrated coagulation-MF/UF-UV disinfection:  
 
i. Because of the variabilities in LP UV dose requirements in different studies due to 
the effect of a wide list of parameters, there is hence a need to establish a 
standardized procedure for the determination of UV dose requirements for a 
specified level of log inactivation.  
 
ii. The use of different host cells for AD enumeration in UV disinfection studies have 
resulted in different UV dose requirements for the same AD serotype. These were 
based on the different repair enzymes within the host cells and also the selectivity 
of host cells to different AD serotypes. In the context of drinking water, normal 
human cells are of concern. There is hence a need to ascertain whether 
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enumeration should be based on normal healthy cells or diseased cells, both of 
which have different repair capabilities and susceptibilities, to determine UV dose 
requirements.                        
 
iii. Previously, virus removal by low pressure membranes, particularly MF 
membranes were attributed to initial adsorption followed by retention by the cake 
layer as a secondary barrier. However, results following hydraulic backwash 
appeared to suggest that irreversible foulants that were adsorbed and entrapped 
within membrane pores were dominant mechanisms in virus removal. More 
specific studies would have to be conducted to elucidate the roles of reversible and 
irreversible foulants in virus removal. 
 
iv. Fluorescent dyes are strongly promising in their role as surrogates to various 
challenge microorganisms during the water treatment process. The dye-conjugated 
MS2 was able to fulfill the status of 2 separate roles: first as a representative of 
small sized viruses during hybrid coagulation-MF/UF filtration, and second, as a 
representative of AD during UV disinfection. This surrogate can be further 
expounded upon for investigations on continuous-streams removal/inactivation 
purposes to evaluate its potential for upsized systems.      
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